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PREFACE 
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during  the  conduct  of  this  program.  This  report  was  submitted  by  the  author, 
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SUMMARY 


A  "soft"  metric  version  of  MI.L-HBBK-5C  (excluding  Chapters  8  and  9) 
has  been  developed  and  is  presented  in  the  Appendix.  No  major  problems  were 
encountered  in  accomplishing  this  "soft"  conversion.  This  report  is  intended 
to  be  used  in  conjunction  with  soft  converted  designs  and  standards  as  the 
usefulness  of  a  "soft"  metric  version  of  MIL-UDBK-5  as  a  source  of  design 
allowables  for  "hard"  metric  products  will  be  limited.  A  recent  publication 
of  metric  standards  and  data  for  aluminum  alloys  indicates  that  specification 
thickness  ranges,  ultimate  tensile  strength,  tensile  yield  strength,  and  elon¬ 
gation  values  are  different  for  the  "hard"  metric  products  than  for  the  SI  values 
obtained  by  converting  from  U.S.  units.  Metric  standards  for  other  alloy  systems 
are  expected  to  also  be  different.  Likewise,  the  design  values  for  metric 
fasteners  will  require  verification  and  may  not  be  equivalent  to  fasteners 
currently  manufactured  in  U.S.  units.  Most  of  the  "soft"  converted  data,  such 
as  stress-strain  curves,  tangent-modulus  curves,  elevated  temperature  curves, 
fatigue  curves,  fatigue-crack-propagation  curves,  fracture  toughness,  creep 
curves,  physical  properties,  etc.,  which  are  presented  on  a  "typical"  basis, 
will  be  valid  since  the  data  are  not  greatly  affected  by  product  size  differences 
in  the  two  measurement  systems  or  by  slight  variations  in  specification  tensile 
property  values. 

Eventually,  a  "hard"  metric  MIL-HDBK-5  will  be  required  as  industry 
changes  to  the  metric  system.  However,  before  work  can  begin  on  such  a  docu¬ 
ment,  "hard"  metric  standards,  such  as  preferred  sizes,  procurement  (material) 
specifications,  and  testing  standards  must  be  published  for  the  aerospace 
alloys  as  well  as  fastener  systems. 

It  will  be  necessary  that  "hard"  metric  mill  products  as  well  as 
fasteners  be  readily  available  from  production  lots  so  that  data  can  be  gener¬ 
ated,  accumulated,  and  analyzed  to  verify  design  values  for  metric  products. 

At  the  present  rate  of  progress,  it  would  appear  that  these  conditions  will  not 
come  about  for  some  time. 


INTRODUCTION 


The  Military  Standardization  Handbook,  MIL-HDBK-5,  is  recognized 
as  the  primary  source  for  design  allowable  data  required  by  the  Department 
of  Defense  (DoD) ,  other  Government  agencies,  and  aerospace  contractors 
responsible  for  aerospace  vehicle  design.  The  Handbook  contains  design 
allowable  data  on  metallic  materials,  fasteners,  joints,  and  other  struc¬ 
tural  elements.  The  maintenance  of  this  document  is  achieved  through  the 
cooperative  efforts  of  the  Air  Force,  Navy,  Army,  Federal  Aviation  Agency 
(FAA) ,  and  industrial  users  and  suppliers  of  .i.erallic  aerospace  materials. 

The  DoD  has  designated  the  Air  Force  as  the  activity  responsible  for  pre¬ 
paring  this  Handbook.  As  such,  the  Air  Force  Wright  Aeronautical  Laboratory 
(AFWAL)  has  contracted  with  Battelle's  Columbus  Laboratories  (BCL)  to  pro¬ 
vide  the  planning,  coordination,  implementation,  and  testing  necessary  to 
develop  and  maintain  current  design  allowable  data  and  other  related  informa¬ 
tion  in  MIL-HDBK-5. 

Other  final  reports  have  described  in  detail  the  functional  and 
technical  activities  performed  by  BCL  in  connection  with  the  MIL-HDBK-5 
program.  Since  the  functional  as  well  as  some  of  the  technical  activities 
are  somewhat  repetitive  from  year  to  year,  this  final  report  describes  the 
effort  involved  in  developing  and  preparing  a  "soft"  metric  version  of 
MIL-HDBK-5C. 

The  policies  for  the  use  of  the  metric  system  of  measurement  within 
the  Department  of  Defense  (DoD)  are  delineated  in  Reference  (1) .  One  of  the 
policies  as  stated  in  this  DoD  Directive  is: 

"Emphasis  will  be  placed  on  keeping  pace  with  the  con¬ 
version  or  development  of  specifications,  standards, 
and  other  general  purpose  technical  data.  When  the 
item  in  question  is  a  military  item  without  a 
commercial  counterpart,  the  Preparing  Activity  will 
assume  a  leadership  role  in  development  of  the 
applicable  metric  document  as  the  need  arises." 

In  compliance  with  the  reference  DoD  Directive,  the  Chairman  of  the  MIL-IIDBK-5 
Coordination  Committee  initiated  action  to  convert  MIL-HDBK-5  to  the  metric 
system  of  measurement.  As  such,  Battelle's  Columbus  Laboratories  was  assigned 
this  task  as  a  part  of  the  MIL-HDBK-5  program. 

^Department  of  Defense  Directive  Number  4120.18  dated  December  10,  1976. 
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Although  ultimately  a  "hard"  metric  MIL-HDBK-5  will  be  required, 
"hard"  metric  material  specifications,  standard  metric  product  thicknesses, 
metric  test  specimen  configurations,  and  metric  testing  specifications  and 
standards  have  not  been  published  for  most  materials  used  in  aerospace 
applications.  Consequently,  this  effort  was  directed  to  the  development  of 
a  "soft"  metric  conversion  of  MIL-HDBK-5  as  an  interim  document  which  could 
be  used  in  conjunction  with'soft'converted  designs  and  standards.  Although 
it  is  recognized  that  such  a  document  will  be  limited  in  its  usefulness,  it 
was  believed  that  such  an  effort  would  reveal  any  problems  associated  with  the. 
conversion  to  metric  design  values  and  the  presentation  of  metric  design  data. 
Users  of  this  document  are  encouraged  to  submit  their  comments  and  suggestions 
to  AFWAL/MLSA,  Wright  Patterson  AFB,  Ohio  45433  so  that  such  imput  can  be 
incorporated  into  any  "hard"  version  of  MIL-HDBK-5  which  may  ultimately  be 
developed  and  become  a  controlling  standardization  document. 


I  OBJECTIVE 

'The  objective  of  this  program  was  to  develop  a  "soft"  metric 
MIL-HDBK-5  Handbook  based  upon  the  conversion  of  existing  United  States  (U.S.) 
units  to  the  metric  system  of  measurement  and  to  publish  the  metric  version 
of  MIL-HDBK-5  as  an  Air  Force  technical  reportT^ 


TECHNICAL  APPROACH 


,'The  approach  was  to  convert  existing  MIL-HDBK-5  to  the  metric  system 
by  changing  all  U.S.  units  of  measurement  to  equivalent  metric  units.  As  required 
by  Reference  (1),  the  metric  system  used  was  The  International  System  of  Units 
(SI).  I;i  making  the  metric  conversion,  the  conversion  factors  listed  in  Reference 
(2)  were  utilized.  \  (The  applicable  conversion  factors  are  shown  in  Table  1.2.2 
of  MIL-HDBK^5 C) - - 

In  general,  the  rules  for  conversion  and  rounding  delineated  in 
Reference  (2)  were  observed.  However,  some  exceptions  to  these  rules  were  taken. 


(2)ASTM  E380-76, 


"Standard  for  Metric  Practice." 
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The  Handbook  contains  two  digit  and  three  digit  design  values  in  Ksi  units  with 
two  and  three  significant  figures,  respectively.  \  For  the  Ksi  units  with  two 
significant  figures,  the  corresponding  MPa  values! should  have  only  two  sig¬ 
nificant  figures  so  as  to  maintain  the  implied  accuracy  of  the  data.  However, 

adherence  to  this  procedure  would  result  in  three  digit  MPa  values  rounded 
to  two  significant  figures  for  680  MPa  (99Ksi  =  683  MPa)  and  below,  and  three 

digit  MPa  values  to  three  significant  figures  for  690  MPa  (100  Ksi  =  690, 

/ 

101  Ksi  =  696  MPa,  etc.)  and  above.  This  would  give  the  appearance  that  the 
MPa  values  have  been  inconsistently  rounded.  Consequently,  Ksi  values  have 
been  converted  to  MPa  units  having  three  significant  figures,  rounded  to  the 
nearest  whole  number.  More  imp'ortantly,  this  procedure  is  consistent  with 
the  policy  adopted  for  AMS  specifications  which  contain  "soft"  metric  equiva¬ 
lent  mechanical  property  requirements.  Many  room  temperature  design  allow¬ 
able  tables  in  MIL-HDBK-5C  are  based  upon  specification  (AMS)  values; 

consequently,  it  is  important  that  the  metric  MIL-HDBK-5  design  values  agree 

/ 

with  the  "soft"  metric  specification  values.  For  consistency,  Kjc  values  as 
well  as  elastic  and  physical  property  units  have  also  been  converted  to  three 
significant  figures  even  though  the  U.S.  units  may  have  contained  only  two 
significant'  figures. 

^  In  the  conversion,  some  arbitrary  decisions  were  made  for  practical 
reasons.  For  most  mill  products,  the  design  values  vary  with  thickness.  Con¬ 
sequently,  the  room  temperature  design  allowable  property  tables  list  design 
values  according  to  thickness  ranow;.^. 

Although  thickness  in  inches  is  shown  to  three  decimal  places,  it 
would  seem  appropriate  to  round  the  converted  thickness  ranges  to  the  nearest 
millimeter.  This  could  result  in  an  error  of  0.054  inch  in  the  4  to  5  inch 
thickness  range  as  follows: 

3.001  -  4.000  inch  =  77  -  102  mm 
4.001  -  5.000  inch  =  103  -  127  mm 
103  mm  =  4.055  inches 

Although  this  potential  error  in  thickness  range  is  probably  acceptable,  for 
thickness  ranges  covering  0.039  inches  and  under  the  equivalent  thickness  is 
less  than  one  millimeter.  Consequently,  two  decimal  places  for  the  metric 
thickness  ranges  were  required  to  provide  sufficient  precision  in  separating 
tnese  thin  thickness  ranges.  For  consistency  in  table  format,  this  precision 
was  adopted  for  all  metric  thickness  ranges.  Even  so,  conversion  of  the 
U.S.  thickness  range  resulted  in  a  gap  of  coverage  for  most  thickness  ranges 


in  millimeters.  For  example,  0.250-0.499  inch  range  converts  to  6.35-12.67 
millimeters  and  the  adjacent  thickness  range  of  0.500-1.000  inch  converts  to 

12.70-25.40  millimeters.  Consequently,  product  thicknesses  of  12.68  and 
12.69  millimeters  would  not  have  design  values.  Similar  gaps  occurred  at 
each  change  in  thickness  range.  In  order  to  circumvent  this  problem,  0.01  mm 
was  added  to  the  larger  thickness  and  subtracted  from  the  smaller  thickness 
in  each  range.  As  a  result,  the  above  thickness  ranges  would  be  listed  as 
6.34-12.68  and  12.69-25.41  mm.  The  thickness  ranges  in  MIL-HDBK-5C  are 
normally  the  same  as  those  in  the  applicable  material  specification.  For 
those  design  allowables  based  upon  specification  minimum  values,  it  is 
imperative  that  the  thickness  ranges  shown  in  MIL-HDBK-5  be  the  same  as  those 
in  the  material  application.  Consequently,  it  was  desirable  to  maintain  the 
existing  and  converted  thickness  ranges  the  same. 

In  order  to  minimize  the  cost  and  time  of  converting  the  room 
temperature  mechanical  property  tables,  a  computer  program  was  developed  to 
perform  the  conversions  and  print  out  a  room  temperature  design  allowable 
table  in  MIL-HDBK-5  format.  Utilizing  a  specific  keypunching  format,  key¬ 
punching  was  accomplished  directly  from  existing  MIL-KDBK-5  tables  with  no 
encoding  required. 

In  order  to  accomplish  this  conversion  by  computer,  some  concessions 
were  necessary  with  regard  to  print  and  symbols  for  the  room  temperature  design 
allowable  tables  only  as  listed  below. 

(a)  All  letters  and  words  are  upper  case.  In  order  not  to 

confuse  e  with  E,  e  was  changed  to  EL. 

(b)  Subscripts  and  superscripts  cannot  be  accommodated  by 
computer;  consequently,  they  x;ere  printed  convention¬ 
ally. 

(c)  Letters  of  the  Greek  alphabet  cannot  be  accommodated 
by  computer;  consequently,  symbols  for  physical 
properties  were  changed  as  follows: 

u  =  mu 
w  =  omega 
a  =  alpha 

(d)  Footnote  indicators  were  typewritten. 

Because  of  width  limitations  on  computer  printout  paper,  some  large 
tables  required  division  into  two  tables.  Consequently,  there  may  be  some 
variation  in  metric  table  numbers  (letter  only)  with  U.S.  equivalent  tables. 
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The  metric  room  temperature  design  allowable  tables  were  copied  directly  from 
the  computer  printout. 

The  typical  stress-strain  and  compressive  tangent-modulus  curves 
were  redrawn  in  metric  units  by  utilizing  a  computer  program.  Values  for 
typical  yield  strength,  typical  modulus  of  elasticity,  and  Ramberg-Osgood 
(nondimensional)  were  converted  from  U.S.  to  metric  units  which  were 
utilized  in  conjunction  with  the  Ramberg-Osgood  relationships  presented  in 
Section  9. 3. 2. 3  of  MIL-HDBK-5C.  Those  stress-strain  and  tangent-modulus 
curves  for  which  the  Ramberg-Osgood  relationships  were  not  valid  were  drawn 
manually . 

The  ordinate  scale  for  elevated  temperature  curves  is  percent. 
Consequently,  only  the  abssisca  scale  required  conversion.  By  reducing  the 
size  of  the  abscissa  grid  in  conjunction  with  conversion  to  Kelvin  scale, 
many  of  the  elevated  temperature  curves  could  be  traced  without  individual 
conversion  of  points  on  the  curve.  By  the  utilization  of  a  proportionately 
sized  grid,  the  constant-life  fatigue  curves  and  the  residual  strength  curves 
could  also  be  traced  without  individual  conversion  of  points  on  the  curve. 
Other  curves  such  as  those  showing  the  effect  of  temperature  on  specific  heat, 
thermal  conductivity,  and  thermal  expansion  were  manually  converted  and 
redrawn.  Creep  and  all  other  remaining  curves  were  also  manually  converted 
and  redrawn. 

The  "soft"  metric  MIL-HDBK-5  is  based  upon  MIL-HDBK-5C  with  the 
following  exceptions: 

(1)  The  stress-strain  and  compressive  targent-modulus  curves 
in  MIL-HDBK-5C  were  constructed  using  the  Ramberg-Osgood 
equation 

e  .  =  kfn-0.0001 

The  0.0001  subtraction  factor  was  incorporated  in  this 
expression  to  define  a  proportional  limit.  At  the  52nd 
MIL-HDBK-5  Coordination  Committee  Meeting  (October  1976) , 
it  was  decided  to  delete  this  proportionality  limit  so  as 
to  improve  the  fit  of  the  compressive  tangent-modulus 
curve  to  actual  test  data.  Consequently,  existing  com¬ 
pressive  tangent-modulus  curves  were  replaced  with  new 
curves  based  upon  the  revised  Ramberg-Osgood  equation  in 
Change  Notice  1.  In  order  to  eliminate  the  need  for 
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reconstructing  the  metric  compression  tangent-modulus  curves 
in  the  future,  the  metric  tensile  and  compressive  stress- 
strain  and  compressive  tangent-modulus  curves  are  based  upon 
the  Ramberg-Osgood  equation 

e  .  =  kfn 
Pi 

(2)  In  several  instances,  compressive  stress-strain  curves  were 
presented  in  MIL-HDBK-5C  without  the  corresponding  compressive 
tangent-modulus  curves.  In  the  metric  version  the  correspond¬ 
ing  compression  tangent-modulus  curves  have  been  added  for 
completeness. 

(3)  Due  to  difficulty  in  determining  accurately  the  modulus  of 
elasticity  from  the  existing  stress-strain  curves  in 
MIL-HBBK-5C,  especially  for  materials,  such  as  magnesium 
alloys,  with  low  moduli  at  elevated  temperatures,  the  elevated 
temperature  moduli  were  computed  utilizing  the  modulus  value 

in  the  room  temperature  table  and  the  factors  from  the  elevated 
temperature  moduli  curves.  However,  in  some  cases  an  elevated 
temperature  modulus  curve  was  not  available  in  MIL-HDBK-5C  or 
the  issue  did  not  extend  to  all  temperatures  depicted  by  stress- 
strain  curves.  A  metric  version  of  those  elevated  temperature 
stress-strain  curves,  for  which  an  elevated  temperature  modulus 
could  not  be  determined  due  to  lack  of  an  elevated  temperature 
modulus  curve,  was  not  included.  These  same  stress-strain 
curves  were  deleted  in  Change  Notice  2  based  upon  action  taken 
at  the  56th  MIL-HDBK-5  Coordination  Committee  Meeting. 

(4)  Tensile  tangent-modulus  curves  had  previously  been  deleted  from 
MIL-HDBK-5.  However,  several  tensile  tangent-modulus  which  had 
apparently  been  missed  in  the  deletions  remain  in  MIL-HDBK-5C. 
These  were  deleted  in  Change  Notice  1  and  have  also  been 
deleted  from  the  metric  version. 

(5)  Obvious  typesetting  errors  were  corrected  in  the  metric  version. 
Chapters  8  and  9  of  MIL-HDBK-5C  were  not  converted  to  the  metric  system  and 
were  not  included  in  the  ’’soft''  metric  version  for  the  reasons  given  in  the 
Discussion. 

The  "soft"  metric  version  of  MIL-HDBK-5  is  presented  In  the  Appendix. 
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DISCUSSION 

There  is  some  concern  regarding  the  usefulness  of  a  "soft"  metric 
MIL-HDBK-5,  particularly  the  room  temperature  design  allowable  tables.  Work 
on  "hard"  metric  standards  for  the  aluminum  alloys  has  progressed  farther 
than  for  other  alloy  systems.  Reference  (3)  presents  metric  (SI)  standards 
and  data  for  aluminum  alloys.  The  preferred  metric  product  sizes  are 
different  than  converted  U.S.  sizes.  Tensile  strength  increments  of  five 
MPa  rather  than  one  MPa  have  been  used.  Although  not  a  metrication  change 
per  se,  the  gage  length  of  a  metric  tensile  test  specimen  has  been  changed 
to  5D  for  round  specimens  and  50  mm  for  flat  specimens  to  agree  with  the 
international  5D  gage  length  resulting  in  a  reduction  in  elongation  values. 

It  is  believed  that  metric  standards  for  other  alloy  systems  will  follow  the 
same  pattern.  Consequently,  when  "hard"  metric  material  specifications  are 
published,  the  thickness  ranges,  the  tensile  ultimate  strength,  the  tensile 
yield  strength,  and  the  elongation  specification  values  will  not  agree  with 
the  converted  U.S.  values  in  the  room  temperature  tables  for  aluminum  alloys. 

Drawings  for  parts  made  from  the  quenched  and  tempered,  low  alloy 
steels  usually  specify  a  heat  treat  range  of  20  Ksi,  for  example,  180-200  Ksi, 
200-220  Ksi,  etc.  In  changing  to  the  metric  system,  these  heat  treat  limits 
will  probably  be  changed  to  preferred  metric  ranges;  for  example,  180-200  Ksi  = 
1241-1278  MPa.  This  could  be  rounded  to  1240-1380  MPa.  However,  the 
preferred  metric  heat  treat  range  might  be  1200-1350  MPa  (174-196  Ksi) .  Con¬ 
sequently,  it  is  likely  the  converted  design  values  for  the  quenched  and 
tempered  alloy  steels  will  not  be  valid  for  "h3rd"  metric  heat  treat  ranges. 

Likewise,  for  tables  containing  the  static  joint  strength  design  values 
for  fasteners,  the  dimensions  of  the  "hard"  metric  fastener  diameters  and  "hard" 
metric  sheet  gages  will  not  correspond  to  currently  manufactured  fasteners 
and  sheet  thicknesses.  Consequently,  the  usefulness  of  converting  design 
values  to  metric  units  for  current  fastener  systems  designed  with  U.S.  units 
is  questionable.  The  design  values  for  metric  fasteners  will  require  veri¬ 
fication  and  may  not  be  equivalent  to  currently  manufactured  fasteners.  Hence, 
the  presentation  of  such  data  could  be  confusing  and  somewhat  hazardovs. 


^ "Aluminum  Standards  and  Data  1978  Metric  SI",  The  Aluminum  Association, 
First  Edition,  March  1978. 
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Therefore,  Chapter  8  on  Structural  Joints  was  not  converted  to  the  "soft" 
metric  system.  Most  of  the  other  "soft"  converted  typical  data,  such  as 
stress-strain  curves,  tangent-modulus  curves,  elevated  temperature  curves, 
fatigue  curves,  fatigue-crack-propogation  curves,  fracture  toughness  data, 
creep-rupture  curves,  etc.  will  be  valid  since  these  data  are  not  greatly 
affected  by  product  size  differences  in  the  two  measurement  systems  or  slight 
variations  in  specification  properties. 

Chapter  9  of  MIL-HDBK-5C  contains  guidelines  for  the  analysis  and 
presentation  of  data  for  the  Handbook.  Since  the  units  of  measure  used  in 
explaining  data  analysis  procedures  an  I  methods  of  presenting  data  are  not 
of  great  importance,  the  cost  of  converting  this  chapter  to  metric  units  did 
not  appear  jutified  at  the  present  time.  No  problems  are  anticipated  in 
converting  this  chapter  to  metric  units.  Meanwhile,  Chapter  9  of  MIL-HDBK-5C 
can  be  used  for  reference. 

The  "soft"  metric  MIL-HDBK-5  is  based  upon  MIL-HDBK-5C.  As  such, 
the  metric  version  will  be  somewhat  out  of  date  since  Change  Notices  1  and  2 
to  MIL-HDBK-5C  have  already  been  published. 
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SOFT  METRIC  VERSION  OF  MIL-HDBK-5C 


The  metric  design  data  contained  in  this  document 
were  derived  from  design  data  determined  from 
products  manufactured  and  tested  in  U.S.  units  of 
measure  by  applying  appropriate  conversion  factors. 
In  the  preparation  of  this  document,  no  testing 
was  conducted  to  verify  that  these  design  data  are 
valid  for  metric  products. 


In  general,  this  soft  metric  version  Is  based  on 
MIL-HDBK-C  dated  l.'j  September  1976.  This  document 
will  not  be  maintained  or  updated. 


EXPLANATION  OF  NUMERICAL  CODE 

In  the  chapters  containing  materials  properttes,  the  following  system  of  numerical  identification  is 
used.  A  somewhat  similar  numerical  system  is  used  in  Chapter  1  to  sectionalize  various  por¬ 

tions  of  the  text: 

Example  A  2.4.2. 1.1 


General  material  category  (in  this  case,  steel) . 

A  logical  breakdown  of  the  base  material  by  family  characteristics 
(in  this  case,  intermediate  alloy  steels);  or  for  element  properties  . 

Particular  alloy  to  which  data  are  pertinent.  If  zero,  section  contains  comments 
on  the  family  characteristics . 

If  zero,  section  contains  comments  specific  to  the  alloy;  if  it  is  an  integer,  the 
number  identifies  a  specific  temper  or  condition  (heat  treatment)  . 

Type  of  graphical  data  presented  on  a  given  figure 
(see  following  description)  . 


Example  B 

Aluminum . 

2000  Series  Wrought  Alloy . 

2024  Alloy . 

T3,  T35 1 ,  T35 1 0,  T35 1 1 ,  T4,  and  T42  Tempers 

Specific  Property  as  Follows . 

Tensile  properties  (ultimate  and  yield  strength) 
Compressive  yield  and  shear  ultimate  strengths 
Bearing  properties  (ultimate  and  yield  strength) 

Modulus  of  elasticity,  shear  modulus . 

Elongation  and  reduction  of  area . 

Stress-strain  curves,  tangent-modulus  curves 

Creep . . 

Fatigue . 

Fracture  toughness . 


3.2.3.1.x 


1 

2 

3 

4 

5 

6 

7 

8 
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II 


NOTICE 


The  room  temperature  design  allowable  tables  have  been  converted 
from  U.S.  units  to  SI  units  by  computer  and  the  computer  output  has  been  used 
directly  in  this  docume.it  to  achieve  economy.  Consequently,  symbols  and 
print  for  the  room  temperature  design  allowable  tables  varies  somewhat  from 
the  symbols  and  print  used  throughout  the  remainder  of  the  document.  The 
specific  variations  in  these  tables  to  accommodate  computer  processing  are 
listed  below: 

(a)  All  letters  and  words  are  upper  case.  In  order  not  to 
confuse  e  with  E,  e  was  changed  to  EL. 

(b)  Subscripts  and  superscripts  were  printed  conventionally. 

(c)  Symbols  from  the  Greek  alphabet  were  changed  as  follows: 

p  =  mu 
a)  =  omega 
a  =  alpha. 

(d)  Footnote  indicators  were  typewritten. 

Because  of  width  limitations  on  computer  printout  paper,  some  large 
tables  required  division  into  two  tables.  Consequently,  there  may  be  some 
variation  in  metric  table  numbers  (letter  only)  with  U.S.  equivalent  tables 
in  MIL-HDBK-5C. 
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Chapter  1 
GENERAL 


1.1  Purpose  and  Use  of  Document 

1.1.1  INTRODUCTION.— Since  many 
aircraft  and  missile  manufacturers  supply  prod¬ 
ucts  for  both  commercial  and  military  use,  stan¬ 
dardization  of  the  requirements  of  the  various 
Government  procuring  or  certification  agencies  is 
of  direct  benefit  to  the  manufacturer.  Although 
the  types  and  purpose  of  military  products  often 
differ  greatly  from  those  of  commercial  products 
necessitating  certain  differences  in  the  structural 
requirements,  the  requirements  for  st.^.igth  of 
materials  and  elemems  are  often  identical.  This 
publication  is  issued,  therefore,  to  provide 
uniform  data  and  to  minimize  the  necessity  for 
referring  to  numerous  materials  handbooks  and 
bulletins  to  obtain  the  allowable  stresses  and 
other  related  properties  of  materials  and  struc¬ 
tural  elements  With  a  few  exceptions  (which  are 
noted  in  the  appropriate  places),  the  data  con¬ 
tained  herein  or  appearing  as  approved  items  in 
minutes  of  MIL-HDBK-5  coordination  meetings, 
are  acceptable  to  the  Air  Force,  the  Navy,  the 
Army,  and  the  Federal  Aviation  Administration. 
Approval  by  the  procuring  or  certificating  agency 
must  be  obtained  for  the  use  of  data  not  contained 
herein  or  appearing  in  the  minutes  as  noted 
above. 

1.1.2  SCOPE  OF  DOCUMENT.— This  docu¬ 
ment  is  intended  primarily  as  a  source  of  design 
allowables  which  are  those  strength  properties  of 
metals  and  elements  (primarily  fasteners)  that 
have  received  general  acceptance  for  use  in 
design  This  document  also  contains  strength 
properties,  e.g.,  fracture  toughness  and  fatigue 
data,  which  arc  for  information  only  and  are  not 
mandatory  for  use.  Those  properties  presented  as 
design  allowables  are  usually  listed  as  A,  B,  or  S 
values  (see  Section  1 .4. 1 . 1 ).  Other  values  are  nor¬ 
mally  for  information,  except  for  those  tables  or 
ratio  plots  which  are  used  in  conjunction  with  A, 
B,  or  S  values  to  calculate  effect  of  temperature. 
The  materials  included  in  this  document  are 
standardized  with  regard  to  composition  and  pro¬ 
cessing  methods. 


In  the  interest  of  timeliness,  it  is  sometimes 
possible  that  new  properties  for  established 
materials  will  appear  in  the  document.  Although 
substantiating  data  have  been  scarce  in  some  of 
these  cases,  the  evaluation  has  been  based  on  the 
best  possible  engineering  judgment,  and  the  prop¬ 
erties  are  considered  to  be  suitable  for  design  use. 
Whenever  needed  properties  are  not  available  in 
the  document,  special  rulings  for  allowable 
strengths  should  be  obtained  from  the  procuring 
or  certificating  agency.  These  rulings  will  be 
based  upon  data  from  specimen  tests  and  will 
eventually  form  a  basis  for  design  allowable  addi¬ 
tions  to  the  Handbook. 

In  addition  to  the  properties  of  the  materials 
and  elements  themselves,  there  are  contained 
herrin  some  of  the  more  commonly  used  methods 
and  formulas  by  which  the  strengths  of  various 
structural  elements  or  components  are  calculated. 
In  some  cases,  the  methods  presented  are  empiri¬ 
cal  and  subject  to  further  refinements.  Any 
further  expansion  of  information  on  element 
behavior  in  MIL-HDBK-5  will  emphasize  those 
material  characteristics  needed  to  assist  the 
design  function.  Methods  of  structural  analysis 
are  not  within  the  scope  of  this  document. 

Where  available,  applicable  references  are 
listed  at  the  end  of  each  chapter.  The  reference 
numbers  correspond  to  the  paragraph  to  which 
they  most  generally  apply.  In  general,  specific 
mention  of  the  references  is  not  made.  References 
are  provided  for  guidance  to  further  information 
on  a  particular  subject,  but  since  data  therein  may 
not  have  met  the  guidelines  criteria  of  Chapter  9, 
such  referenced  material  is  not  necessarily  to  be 
considered  approved  by  virtue  of  its  listing. 

Engineers  making  use  of  the  material  contained 
herein  are  invited  .to  submit  comments  and  sug¬ 
gestions  as  to  the  expansion  and  improvement  of 
the  document.  Such  comments  should  be  submit¬ 
ted  to  Chairman,  MIL-HDBK-5  Coordination 
Activity,  Air  Force  Materials  Laboratory, 
Wright-Pattcrson  Air  Force  Base,  Ohio  45433. 
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1.1.3  USE  OF  DESIGN  MECHANICAL 
PROPERTIES. — It  is  customary  to  assign 
minimum  values  to  certain  mechanical  properties 
of  materials  as  procurement  specification  require¬ 
ments.  In  the  absence  of  acceptable  statistical 
data,  the  design  mechanical  properties  given 
herein  are  based  on  these  minimum  values  (sec  S 
Basis,  Section  1.4.1. 1).  The  manner  in  which 
these  design  mechanical  properties  are  to  be  used 
will  depend  on  the  type  of  structure  being  con¬ 
sidered  and  will  be  specified  in  the  detailed  struc¬ 
tural  requirements  of  the  procuring  or  certificat¬ 
ing  agency.  The  use  of  the  different  design 
mechanical  properties,  such  as  ultimate  tensile 
strength,  yield  strength,  etc.;  the  factors  of  safety 


associated  with  them;  and  the  arbitrary  reduc¬ 
tions  in  allowable  stresses  (which  may  be  in  the 
nature  of  specific  requirements,  dr  may  be  con¬ 
sidered  necessary  in  particular  cases);  will  not  be 
taken  up  in  detail  since  information  of  this  sort 
does  not  affect  the  material  properties  as  such. 

1.2  Symbols,  Abbreviations,  and  Systems  of 
Units 

1.2.1  SYMBOLS  AND  ABBREVIA¬ 
TIONS.— The  symbols  and  abbreviations  used  in 
this  document  are  defined  in  this  section  with  the 
exception  of  statistical  symbols.  These  latter  sym¬ 
bols  arc  defined  in  Chapter  9. 


A  Area  of  cross  section,  square  inches,  ratio  of  stress  amplitude  to  mean  stress;  subscript  “axial”;  A 
basis  for  mechanical-property  values  (see  Section  1.4.1. 1) 

a  Subscript  "allowable”;  amplitude;  crack  or  flaw  dimension 

B  Biaxial  ratio  (see  Equation  1. 3. 2.8),  B  basis  for  mechanical -property  values  (see  Section  1.4. 1.1) 

b  Width  of  sections;  subscript  “bending" 

br  Subscript  “bearing” 

C  Circumference;  specific  heat 

c  Fixity  coefficient  for  columns,  distance  from  neutral  axis  to  extreme  fiber;  subscript  “compres¬ 
sion”;  crack  or  flaw  dimension 

cr  Subscript  “critical” 

D  Diameter 

d  Depth  or  height;  mathematical  operator  denoting  differential 

E  Modulus  of  elasticity  in  tension,  average  ratio  of  stress  to  strain  for  stress  below  proportional 
limit 

e  Elongation  in  percent,  this  factor  being  a  measure  of  the  ductility  of  the  material  and  being  based 

on  a  tension  test,  unit  deformation  or  strain;  eccentricity;  subscript  for  Euler’s  formula; 
subscript  “fatigue  or  endurance”,  the  minimum  distance  from  a  hole  center  to  the  edge  of  the 
sheet 


Ec  Modulus  of  elasticity  in  compression,  average  ratio  of  stress  to  strain  below  proportional  limit 

Es  Secant  modulus 

Et  Tangent  modulus 


F  Allowable  stress;  Fahrenheit 

f  Internal  (or  calculated)  stress 

Ft,  Allowable  bending  stress,  modulus  of  rupture  in  bending 

fb  Internal  (or  calculated)  primary  bending  stress 

fb‘  Internal  (or  calculated)  precise  bending  stress 

fbr  Internal  (or  calculated)  bearing  stress 

Fbru  Ultimate  bearing  stress 

Fbry  Bearing  yield  stress 

Fc  Allowable  compressive  stress 

fc  Internal  (or  calculated)  compressive  stress 

Foe  Allowable  crushing  or  crippling  stress  (upper  limit  of  column  stress  for  iocal  failure) 

F co  Column  yield  stress  (upper  limit  of  column  stress  for  primary  failure) 

Fcp  Proportional  limit  in  compression 

Fcu  Ultimate  compressive  stress 

Fey  Compressive  yield  stress  at  which  permanent  strain  equals  0.002  (from  tests  of  standard  speci¬ 
mens) 

Fn  Allowable  normal  stress 

fn  Internal  (or  calculated)  normal  stress 

Fs  Allowable  shearing  stress 

fs  Internal  (or  calculated)  shearing  stress 

Fscr  Critical  shear  stress  for  buckling  of  rectangular  panels 

F*P  Proportional  limit  in  shear 

Fst  Modulus  of  rupture  in  torsion 

Fsu  Ultimate  stress  in  pure  shear  (this  value  represents  the  average  shearing  stress  over  the  cross  sec¬ 
tion) 

F,  Allowable  tensile  stress 

ft  Internal  (or  calculated)  tensile  stress 
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F«p  Proportional  limit  in  tension 

Fw  Ultimate  tensile  stress  (from  tests  of  standard  specimens) 

F«y  Tensile  yield  stress  at  which  permanent  strain  equals  0.002  (from  tests  of  standard  specimens) 

G  Modulus  of  rigidity 

H  Subscript  "hoop” 

h  Height  or  depth,  especially  the  distance  between  centroids  of  chords  of  beams  and  trusses 
I  Moment  of  inertia 

i  Slope  (due  to  bending)  of  neutral  plane  of  a  beam,  in  radians  (1  radian  =  57.3°) 

Ip  Polar  moment  of  inertia 

J  Torsion  constant  (=  Ip  for  round  tubes) 

j  Stiffness  factor  =  ^/E I/P 

K  A  constant,  generally  empirical;  thermal  conductivity;  stress  intensity 

Kjc  Plane  strain  fracture  toughness 

ksi  Kips  (1,000  pounds)  per  square  inch 

L  Length;  subscript  "lateral";  longitudinal  (grain  direction) 

LT  Long  transverse  grain  direction 

M  Applied  moment  or  couple,  usually  a  bending  moment 

m  Subscript  “mean”  stress 

Ma  Allowable  bending  moment 

N  Cycles  to  failure,  fatigue 

n  Subscript  “normal”;  cycles  applied  in  failure;  exponent;  and  shape  parameter  for  the  standard 
stress-strain  curve  (Rambcrg-Osgood  Parameter) 

P  Applied  load  (total,  not  unit,  load) 

p  Subscript  “polar”;  subscript  “proportional  limit" 
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Allowable  load 


Pounds  per  square  inch 
Static  moment  of  a  cross  section 
Not  assigned 

Stress  ratio,  ratio  of  minimum  stress  to  maximum  stress  in  a  cycle 
Radius 

Shear  force;  nominal  stress,  fatigue;  S  basis  for  mechanical-property  values  (see  Section  1.4.1. 1); 
span  length 

Stress  amplitude,  fatigue 
Fatigue  limit 
Mean  stress,  fatigue 
Subscript  “shear” 

Short  transverse  grain  direction 

Applied  torsional  moment;  transverse  grain  direction 

Thickness,  subscript  "tension” 

Allowable  torsional  moment 
Factor  of  utilization 
Subscript  "ultimate” 

Distance  along  a  coordinate  axis 

Nondi.mcnsional  calibration  factor  scaling  flaw  size  with  structural  size 

Deflection  (due  to  bending)  of  elastic  curve  of  a  beam;  distance  from  neutral  axis  to  given  fiber; 
subscript  "yield” 

Section  modulus,  I# 

Polar  section  modulus  =  Ip/y  (for  round  tubes) 

Coefficient  of  thermal  expansion,  mean 
Deflection 


Angular  deflection 


Radius  of  gyration 
Poisson's  ratio 


w  Density 

’  In  general,  denotes  an  “effective"  or  precise  value 

1.2.2  U.S.  UNITS  OF  MEASURE 

The  design  values  listed  in  this  "soft"  metric  version  of  MIL-HDBK-5C  are 
given  in  the  International  Systems  of  Units  (SI).  Table  1.2.2  may  be  used  to 
assist  in  the  conversion  of  these  units  to  U.S.  units. 


TABLE  1.2.2.  Conversion  of  SI  Uni  is  of  Measure  ±>  U.S.  Uniis 


Quantity  or 
Property 

To  Convert.From 

SI  Unit?3 

Divide 

by* 

U.S.  Unit 

Area 

mm2 

645. 16c 

in.2 

Force 

N 

4.4482 

lb 

Length 

mm 

25,4C 

in. 

STiSS 

MPad  . 

6.985 

ksi 

Stress  intensity 
factor 

MPa*m^ 

1.0989 

ksiynr. 

Modulus 

GPad 

6.895 

103  ksi 

Temperature 

°K 

F+  459.67 

1.8 

°F 

Density  (<o) 

Mg/m3 

J/(g*K)  or  J • g“ * • K~ 1 

W/(m-K)  or  W-nT1 *K-1 

27.680 

lb/in. 3 

Specific  heat  (C) 

4.1 868c 

Btu/lb-F 

(or  BTU»lb  •'•F  •') 

Thermal  con¬ 
ductivity  (K) 

1.7307 

Btu/f(hr)(ft:)(F)/ftJ 
(orBtu’hr-1  »ft  ‘S*F  •' »ft) 

Thermal  expansion  («) 

m/ (m*K)  or  nrmT1 *K-1 

1.8 

in./in./F 
(or  in. ‘in.'1  •F'1) 

‘Conversion  factors  lo  give  significant  figures  are  asspecifieu  in  ASTM  Standard  E-380,  NASA  SP-701 2,  second  revision.  NBS 
Special  Publication  330,  and  Metals  Engineering  Quarterly. 

P  Prefix  Multiple  Prefix  Multiple 

giga  (G)  10’  milli  (in)  1 0,J 

mega  (M)  10*  micro  0Q  JO’6 

kilo  (k)  101 

'Conversion  factor  is  exact.  done  pascal  (Pa)  -  one  newion/metre2. 


1.3  Commonly  Used  Fc  das 


pressivc  action  arc  considered  as  negative.  When 

1.3.1  GENERAL.— The  formulas  in  the  compressive  action  is  of  primary  interest, 

following  sections  arc  listed  for  reference  pur-  however,  it  is  sometimes  convenient  to  consider 

poses.  The  sign  conventions  generally  accepted  in  the  associated  quantities  to  be  positive.  In 

their  use  are  that  quantities  associated  with  tensile  Chapter  9,  formulas  for  statistical  computations 

action  (load,  stress,  strain,  etc.)  are  considered  as  are  presented  that  are  used  in  obtaining  design 

positive,  and  quantities  associated  with  com-  allowables  in  this  document. 

1.3.2  SIMPLE  UNIT  STRESSES 

1.3. 2.1  ft  =  P/A  (tension) 

1 .3.2.2  fc  =  P/A  (compression) 

1. 3.2.3  fb  =  My/I  =  M/Z 

1 .3.2.4  fs  =  S/A  (average  direct  shear  stress) 

1. 3.2.5  fs  =  SQ/lb  (longitudinal  or  transverse  shear  stress) 

1 .3.2.6  fs  =  Ty/lp  (shear  stress  in  round  tubes  due  to  torsion) 

1.3. 2.7  f;;  =  T/2  At  (shear  stress  due  to  torsion  in  thin-walled  structures  of  closed  section — note 

that  A  is  the  area  enclosed  by  the  median  line  of  the  section) 

1.3. 2.8  fA=BfH;fT  =  BfL 

1.3.3  COMBINED  STRESSES  (See  Section  1.5.3.5) 

1.3. 3.1  fn  =  fc  +  fb  (compression  and  bending) 

1.3. 3.2  fsmax  =  A/^Mfn/2j? (compression, bending,  and  torsion) 

1.3. 3. 3  fnmax  =  (fn/2)  +  fsmax 

1.3.4  DEFLECTIONS  (AXIAL) 

1. 3.4.1  e  =  (S/L  (unit  deformation  or  strain) 

1. 3.4.2  E  =  f/e  (This  equation  applies  when  E  is  to  be  found  from  tests  in  which  f  and  e  are 

measured.) 

1. 3.4.3  <S=eL  =  (f/E)L 

=  PL/AE.  (This  equation  applies  when  the  deflection  is  to  be  calculated  using  a  known 
value  of  E.) 

1.3.5  DEFLECTIONS  (BENDING) 

1.3. 5.1  di/dx  =  M/EI  (change  of  slope  per  rnit  length  of  beam,  radians  per  unit  length) 

1.3. 5.2  ij  =  i|  +  (M/El)  dx — slope  at  point  2.  (The  integral  denotes  ihe  area  under  the  curve 

of  M/EI  plotted  against  x,  between  the  limits  of  x,  and  x2.) 

1.3. 5.3  y2  =  y,  +  i  ,(x2  •  x,)4-  /^(M/El)  (x,-  x)  dx  -  deflection  at  point  2.  (The  integral  denotes 

the  area  under  a  curve  having  ordinates  equal  to  M/EI  multiplied  by  the  correspond¬ 
ing  distances  to  point  2,  plotted  against  x,  between  the  limits  of  x,  and  xa.) 

1 .3.5.3(a)  y2  =  y ,  +  /  **idx  -  deflection  at  point  2.  (The  integral  denotes  the  area  under  the  curve  of 
(i)  plotted  against  x,  between  the  limits  x,  and  x2.) 
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1.3.6  DEFLECTIONS  (TORSION) 

1.3.6. 1  d<i>/dx  =  T/GJ  (change  of  angular  deflection  or  twist  per  unit  length  of  member,  radians 

per  unit  length) 

1.3.6. 2  4*  =  /  xjT/GT)  dx  =  total  twist  over  a  length  from  x,  to  x2.  (The  integral  denotes  the  area 

under  the  curve  of  T/GJ  plotted  against  x,  between  the  limits  of  x,  and  x2.) 

1.3.6.2(a)  4>=  TL/GJ  (used  when  torque  T/GJ  is  constant  over  length  L) 

1.3.7  BIAXIAL  ELASTIC  DEFORMATION 
unit  laterial  deformation. 


1.3. 7.1 


M  = 


unit  axial  deformation 


(Poisson’s  ratio  in  uniaxial  loading) 


1. 3.7.2  Eex  =•  fx  =  «fy 

1. 3.7.3  Eey  =  fy-  ufx 

1.3. 7.4  Ebiaxial  =  E/(l  -^B)  (biaxial  elastic  modulus) 


1.3.8  BASIC  COLUMN  FORMULA 


Fc  =  rrJEt/(L/p):  where  L'  =  L  y/c~  ‘ 


1.4  Basic  Principles  and  Definitions 

1.4.1  GENERAL. — It  is  assumed  that 
engineers  using  this  document  are  thoroughly 
familiar  with  the  basic  principles  of  strength  of 
materials,  such  as  can  be  found  in  any  standard 
textbook  on  this  subject.  A  brief  summary  of  such 
material  is  presented  here  for  the  sake  of  unifor¬ 
mity  and  to  emphasize  certain  principles  of 
special  importance.  The  design  mechanical  prop¬ 
erties  of  various  metals  and  elements  are  given  in 
the  tables  in  each  chapter. 

As  a  means  of  maintaining  uniformity  in  the 
presentation  of  mechanical-property  values  in 
this  document  and  a  high  level  of  assurance  in  the 
values  reported,  statistical  techniques  are 
employed  where  possible  and  requirements  have 
been  established  to  insure  the  adequacy  of  sup¬ 
porting  data  and  the  fullest  description  of  the 
material  or  product  represented  by  the  mechani¬ 
cal-property  values. 

1 .4.1.1  Basis. — Primary  strength  properties 
(Ft,,.  FCy  FUI.  Fbm,  and  F*0.)  presented  in  the 
design  mechanical  property  tables  are  minimum 
values  at  room  temperature,  established  on  an  A, 
B,  or  S  basis,  as  defined  below.  Properties  at  other 
temperatures,  when  determined  in  accordance 
with  Section  1.4. 1.3,  shall  be  regarded  as  having 
the  same  basis  as  the  corresponding  room -tem¬ 
perature  values. 

Elongation  and  reduction  in  area  properties 
presented  in  the  design  mechanical-property  ta¬ 
bles  ate  minimum  values  at  room  temperature, 
established  on  an  A  or  S  basis  as  defined  below. 
Elongation  and  reduction  in  area  at  other  tem¬ 
peratures,  as  well  as  elastic  properties  (E,  Ec,  G, 
and  n),  physical  properties  (w,  C,  K,  and  a), 
creep  properties,  fatigue  properties,  and  fracture 
toughness  properties  shall  be  regarded  as  average 
or  typical  values  unless  a  data  basis  is  specifically 
indicated. 

A  Basis. — At  least  99  percent  of  the  population 
of  values  is  expected  to  equal  or  exceed  the  A 
basis  mechanical  property  allowable,  with  a  con¬ 
fidence  of  95  percent. 


B  Basis. — At  least  90  percent  of  the  popula'ion 
of  values  is  expected  to  equal  or  exceed  the  B 
basis  mechanical  property  allowable,  with  a  con¬ 
fidence  of  95  percent. 

S  Basis. — The  S  basis  mechanical  property 
allowable  is  the  minimum  value  specified  by  the 
appropriate  Federal,  Military,  or  SAE  Aerospace 
Material  specification  for  the  material.  The 
statistical  assurance  associated  with  this  value  is 
not  known.  See  Section  9.2.2. 1  for  exception. 

Use  of  B  Values. — Use  of  the  values  in  the  "B" 
column  is  permitted  in  design  by  the  Air  Force, 
Navy,  and  Federal  Aviation  Administration,  sub¬ 
ject  to  certain  limitations  as  specified  by  each 
agency.  Reference  should  be  made  to  specific  re¬ 
quirements  of  the  applicable  agency  before  using 
the  B  values  in  design. 

1.4. 1.2  Directly  Calculated  Values. — Directly 
calculated  values  having  an  A  basis  are  equal  to 
x-ksx  where  k  is  k.99,  .95,  n  (where  .99  =  proba¬ 
bility,  .95  =  confidence,  and  n  =  number  of 
measurements).  Those  having  a  B  basis  are  equal 
to  x-ksx,  where  k  is  k.90.  .95,  n-  These  formulas 
assume  that  the  distribution  of  mechanical-prop¬ 
erty  values  is  normal.  See  Section  9.2.7. 

Where  there  is  evidence  of  an  inherent  distribu¬ 
tion  other  than  normal,  nonparametric  analysis  is 
used  to  approximate  this  same  degree  of 
assurance.  See  Section  9.2.8. 

When  a  property  varies  continuously  with 
thickness,  regression  analysis  is  used.  See  Section 
9.2.10. 

Data  requirements  for  establishing  allowables 
in  this  manner  must  be  adequate  to  represent  the 
current  process  capability  of  a  material.  Nor¬ 
mally,  a  minimum  of  100  individual  measure¬ 
ments  are  required.  These  contain  data  from  at 
least  10  production  heats  from  a  majority  of  the 
major  producers  of  the  material.  If  possible,  tests 
conducted  by  more  than  one  source  are  included. 
These  requirements  apply  to  each  significant 
variable,  such  as  form,  heat  treated  condition  or 
temper,  size  or  thickness  range,  and  testing  direc- 
tio.t,  that  may  affect  the  distribution  of  proper¬ 
ties. 
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1.4. 1.3  Derived  Values. — A  derived  value  is  a 
mechanical  property  that  is  determined  through 
its  relationship  to  an  established  property.  A 
derived  property  may  be  a  tensile  strength  in  a 
different  grain  direction  from  the  estab.ished 
direction,  or  it  may  be  another  strength  property 
(compression,  shear,  or  bearing),  or  it  may  be  the 
same  strength  property  at  a  different  temperature. 
See  Sections  9.2.9  and  9.3.1. 

Derived  values  are  presented  in  tabular  form  in 
stress  units  in  design  mechanical  properties  tables 
or  in  graphical  form  in  percentage  units  of  the 
room  temperature  strength  property.  Tabular 
values  will  have  both  their  dimen.ional  units  and 
data  basis  indicated.  These  values  represent  the 
product  of  a  reduced  ratio  and  the  value  of  an 
established  primary  strength  property. 

Percentages  selected  from  effect-of-tem- 
perature  curses  represent  reduced  ratios  of  the 
property-at-temperature  to  the  room-tem¬ 
perature  value  for  that  property.  The  product  of  a 
percentage  and  the  room-temperature  value  for  a 
property  shall  be  regarded  as  yielding  a  property- 
at-temperature  value  having  the  same  basis  as 
that  indicated  for  the  room-temperature  value  for 
the  property. 

Unless  otherwise  indicated,  the  percentage 
curves  for  these  properties  apply  to  all  forms  and 
thicknesses  shown  in  the  design  mechanical  prop¬ 
erty  table  for  the  temper  indicated.  Normally, 
these  curves  represent  materials  exposed  at  test¬ 
ing  temperatures  for  times  up  to  one-half  hour 
and  strained  at  the  rate  specified  for  the  in¬ 
dividual  property.  Where  data  are  adequate, 
curves  for  other  exposure  times  are  also  presented 
and  are  labeled  appropriately. 

1.4.2  STRESS 

1.4, 2.1  General. — The  term  “stress”  as  used 
herein  always  implies  a  force  per  unit  area  and  is 
a  measure  of  the  intensity  of  the  force  acting  on  a 
definite  plane  passing  through  a  given  point  (see 
Equations  1.3. 3.1  and  1.3. 2. 2).  The  stress  dis¬ 
tribution  may  or  may  not  be  uniform,  depending 
on  the  nature  of  the  loading  condition.  For  exam¬ 
ple,  tensile  stresses  as  found  from  Equation 


1.3. 2.1  are  considered  to  be  uniform.  The  bend¬ 
ing  stress  determined  from  Equation  1.3. 2.3 
refers  to  the  stress  at  a  point  located  at  a  distance 
y  from  the  neutral  axis.  The  shear  stress  ever  the 
cross  section  of  a  member  subjected  to  bending  is 
not  uniform.  (Equation  1.3. 2.4  gives  the  average 
shear  stress.) 

1. 4.2.2  Normal,  Shear,  and  Principal  Stresses. — 
The  stresses  acting  at  a  point  in  any  stressed  mem¬ 
ber  can  be  resolved  into  components  acting  on 
planes  through  the  point. 

The  normal  and  shear  stresses  acting  on  any 
particular  plane  are  the  stress  components  per¬ 
pendicular  and  parallel,  respectively,  to  the 
plane.  A  simple  conception  of  these  stresses  is  that 
normal  stresses  tend  to  pull  apart  (tensile  stresses) 
or  press  together  (compressive  stresses)  adjacent 
particles  of  the  material,  whereas  shear  stresses 
tend  to  cause  such  particles  to  slide  on  each  other. 
Tensile  stresses  are  denoted  arbitrarily  (+ ) 
stresses  and  compressive  stresses  are  called  nega¬ 
tive  (-)  stresses. 

If  one  selects  three  mutually  perpendicular 
planes  through  a  point,  there  is  always  some 
orientation  of  this  system  such  that  only  normal 
stresses  exist,  all  other  stresses  being  zero.  These 
normal  stresses  are  known  as  principal  stresses, 
and  the  numerically  largest  of  these  is  called  the 
maximum  principal  stress. 

1 .4.2.3  State  of  Stress. — A  triaxial  stress  state  is 
defined  as  one  in  which  there  are  three  principal 
stresses,  none  of  which  is  equal  to  zero.  When  one 
of  the  principal  stresses  is  equal  to  zero,  the  stress 
state  is  called  biaxial.  When  two  of  the  principal 
stresses  are  equal  to  zero,  uniaxial  state  of  stress  is 
said  to  exist. 

1.4.3  STRAIN 

1.4. 3.1  General. — Strain  is  the  change  in  length 
per  unit  length  in  a  member  or  portion  of  a  mem¬ 
ber.  As  in  the  case  of  stress,  the  strain  distribution 
may  or  may  not  be  uniform  in  a  complex  struc¬ 
tural  element,  depending  on  the  nature  of  the 
loading  condition.  Strains  usually  are  present  also 
in  directions  other  than  the  direction  or  directions 
of  the  applied  stresses. 
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1.4. 3. 2  Normal  and  Principal  Strains;  Poisson’s 
Ratio. — A  normal  strain  is  that  strain  that  is 
associated  with  a  normal  stress,  a  normal  strain 
takes  place  in  the  direction  in  which  its  associated 
normal  stress  acts.  Normal  strains  that  result 
from  an  increase  in  length  are  denoted  arbitrarily 
as  positive  (+)  strains  and  those  that  result  from 
a  decrease  in  length  arc  called  negative  (-)  strains. 

If  one  selects  three  mutually  perpendicular 
planes  through  a  point,  there  is  always  some 
orientation  of  this  system  such  that  only  normal 
strains  exist,  all  shearing  strains  being  zeio.  These 
normal  strains  arc  known  as  principal  strains.  The 
direction  of  the  principal  strains  coincide  with  the 
direction  of  the  principal  stresses  only  for 
isotropic  materials. 

In  uniaxial  loading,  strain  in  the  direction  of 
the  applied  stress  varies  with  that  stress.  The  ratio 
of  stress  to  strain  has  a  constant  value  (E)  within 
the  elastic  range  of  a  material  but  decreases  when 
plastic  strain  is  encountered.  The  axial  strain  is 
always  accompanied  by  lateral  strains  of  opposite 
sign  in  the  two  directions  mutually  perpendicular 
to  the  axial  strain.  Under  uniaxial  conditions,  the 
absolute  value  of  the  ratio  of  either  of  the  lateral 
strains  to  the  axial  strain  is  called  Poisson’s  ratio. 
For  stresses  within  the  elastic  range,  this  ratio  is 
approximately  constant.  For  stresses  beyond  the 
elastic  limit,  this  ratio  is  a  function  of  the  axial 
strain  and  is  then  sometimes  called  the  lateral- 
contraction  ratio.  Information  on  the  variation  of 
Poisson’s  ratio  with  strain  and  with  testing  direc¬ 
tion  is  available  in  Reference  1.4. 3. 2. 

In  multiaxial  loading,  the  strains  resulting  from 
the  application  of  each  of  the  stresses  are  additive, 
thus,  the  strains  in  each  of  the  principal  directions 
must  be  calculated,  taking  into  account  each  of 
the  principal  stresses  and  Poisson's  ratio  (see 
Equations  1.3. 7.2  and  1.3. 7.3  for  biaxial  load¬ 
ing). 

1.4. 3. 3  Shearing  Strain. — If  an  clement  of 
uniform  thickness  is  subjected  to  pure  shear,  there 
will  be  a  displacement  of  each  side  of  the  element 
relative  to  the  opposite  side.  The  shearing  strain  is 
obtained  by  dividing  this  displacement  by  the  dis¬ 
tance  between  the  sides  of  the  element.  It  should 
be  noted  that  shearing  strain  is  obtained  by  divid¬ 


ing  a  displacement  by  a  distance  at  right  angles  to 
the  displacement,  whereas  axial  strain  is  obtained 
by  dividing  the  deformation  by  a  length  measured 
in  the  same  direction  as  the  deformation, 

1. 4.3.4  Strain  Rate. — Loads  on  structures  will 
result  in  conditions  ranging  from  those  where 
strains  are  constant  to  those  where  strains  are 
rapidly  changing.  The  stress-strain  curve,  ulti¬ 
mate  tensile  strength,  and  ductility  of  some 
materials  are  affected  by  changes  in  the  rate  of 
strain.  For  this  reason,  where  available,  state¬ 
ments  or  data  relative  to  strain-rate  effects  are 
provided  in  connection  with  specific  metals. 
These  data  apply  only  up  to  the  value  stated  or  to 
a  rate  of  1  percent  per  second,  which  is  considered 
the  maximum  rate  apt  to  occur  in  aircraft  or 
missile  structures  except  for  nuclear  effects. 
Unless  otherwise  stated  for  specific  materials, 
strain  rates  can  be  assumed  to  have  been  between 
0.001  and  0.0 1  m/m  per  minute  for  prop¬ 
erty  measurements.  Property  variations  in  this 
range  are  considered  too  small  to  necessitate  con¬ 
sideration  in  design.  Most  of  the  strain  rates  were 
between  0.003  and  0.007  metre  per  metre  per 
minute,  and  data  from  this  range  will  be  used 
where  possible  in  the  future. 

1.4. 3. 5  Elongation. — Elongation  is  measured 
generally  in  accordance  with  specification  ASTM 
E8. 

1.4.4  TENSILE  PROPERTIES 

1 .4.4. 1  General. — When  a  specimen  of  a  certain 
material  is  tested  in  tension  using  the  standard 
testing  procedures  of  Reference  1. 4.4.1,  it  is 
customary  to  plot  the  results  of  such  a  test  as  a 
"stress-strain  diagram”.  Typical  tensile  diagrams, 
not  to  scale,  are  shown  in  Figure  1. 4.4.1.  Typical 
stress-strain  diagrams  drawn  to  scale  appear  in 
appropriate  chapters  for  the  general  information 
of  the  users  of  this  document.  These  diagrams 
have  been  adjusted  in  such  a  manner  that  the 
slopes  of  the  straight-line  portions  of  the  curves 
are  equal  to  the  elastic  modulus  values  reported 
elsewhere  for  the  specific  material.  It  should  be 
noted  that  the  strain  scale  is  nondimensional, 
whereas  the  stress  scale  is  in  pounds  per  square 
inch.  The  important  mechanical  properties  which 
can  be  shown  in  the  stress-strain  diagram  are  dis¬ 
cussed  in  the  following  sections. 
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FIGURE  1.4.4. 1.  Typical  tensile  stress-strain 
diagrams. 

1 .4.4.2  Modulus  of  Elasticity  (E). — Referring  to 
Figure  1. 4.4.1,  it  will  be  noted  that  the  first  part 
of  the  diagram  is  substantially  a  straight  line.  This 
indicates  a  constant  ratio  between  stress  and 
strain  over  that  range.  The  numerical  value  of  the 
ratio  is  called  the  “modulus  of  elasticity”, 
denoted  by  E.  It  will  be  noted  that  E  is  the  slope 
of  the  straight  portion  of  the  stress-strain  diagram 
and  is  determined  by  dividing  the  stress  (in 
pounds  per  square  inch)  by  the  strain  (which  is 
nondimensional)  (see  Equation  1.3. 4. 2). 
Therefore,  E  has  the  same  dimensions  as  a  stress, 
in  this  case,  pounds  per  square  inch. 

Other  moduli  that  are  often  of  interest  are  the 
tangent  modulus,  Et,  and  the  secant  modulus,  Es. 
Et  and  Es  change  with  stress  above  the  propor¬ 
tional  limit.  The  tangent  modulus  for  a  particular 
stress  is  the  slope  of  the  stress-strain  diagram  at  a 
point  corresponding  to  that  stress,  and  the  corre¬ 
sponding  secant  modulus  is  the  slope  of  a  line 
drawn  through  the  origin  and  a  point  on  the 
diagram  at  the  same  stress. 

Clad  aluminum  alloys  may  have  two  separate 
modulus  values,  as  indicated  in  the  typical  curve 


presented  in  Figure  1.4.4. 1.  The  initial,  or  pri¬ 
mary,  modulus  is  substantially  an  average  of  the 
elastic  moduli  of  the  core  and  cladding;  it  applies 
only  up  to  the  proportional  limit  of  the  cladding. 
Immediately  above  this  point  there  is  a  short  tran¬ 
sition  range,  and  the  material  then  exhibits  a  sec¬ 
ondary  modulus  up  to  the  proportional  limit  of 
the  core  material.  This  secondary  modulus  is  the 
slope  of  the  second  straight-line  portion  of  the 
diagram.  In  some  cases,  the  cladding  is  so  little 
different  from  the  core  that  a  single  modulus 
value  is  used. 


1.4 .4.3.  Tensile  Proportional  Limit  (F,p). — Since 
it  is  practically  impossible  to  precisely  determine 
the  stress  at  which  the  stress-strain  diagram  begins 
to  depart  from  a  straight  line,  it  is  customary  to 
assign  a  small  value  of  permanent  strain  for  this 
purpose.  In  this  document,  the  limit  of  propor¬ 
tionality,  if  used,  will  be  taken  as  the  stress  at 
which  the  stress-strain  diagram  departs  from  a 
straight  line  by  a  strain  of  0.0001. 


1.4.4.4  Tensile  Yield  Stress  (F, y). — The  stress- 
strain  diagrams  for  some  steels  show  a  sharp 
break  at  a  stress  below  the  ultimate  tensile  stress. 
At  this  critical  stress,  the  material  elongates  con¬ 
siderably  with  no  increase  in  stress  (see  Figure 
1.4.4.J).  The  stress  at  which  this  takes  place  is 
referred  to  as  the  yield  point.  Most  nonferrous 
metals  and  most  high  strength  steels  do  not  show 
this  sharp  break,  but  yield  more  gradually  so  that 
there  is  no  yield  point.  This  condition  is  illus¬ 
trated  in  Figure  1.4.4. 1.  Since  permanent  defor¬ 
mations  of  any  appreciable  amount  are  undesira¬ 
ble  in  most  structures,  it  is  customary  to  adopt  an 
arbitrary  amount  of  permanent  strain  that  is  con¬ 
sidered  admissible  for  general  purposes.  The 
value  of  this  strain  has  been  established  by 
material  testing  engineers  as  0.002,  and  the  corre¬ 
sponding  stress  is  called  the  yield  stress.  For 
practical  purposes,  this  may  be  determined 
from  the  stress-strain  diagram  by  drawing  a  line 
parallel  to  the  straight  (or  elastic)  portion  of  the 
curve  through  a  point  representing  zero  stress  and 
0.002  strain  (see  Figure  1.4 .4.1).  The  yield  stress 
is  taken  as  the  stress  at  the  intersection  of  this 
straight  line  with  th<*  stress-strain  curve. 
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1.4 .4. 5  Ultimate  Tensile  Stress  (Flu). — Figure 

1. 4.4.1  shows  how  the  ultimate  tensile  stress  is 
determined  from  the  stress-strain  diagram.  It  is 
simply  the  stress  at  the  maximum  load  reached  in 
the  test.  It  should  be  noted  that  all  stresses  are 
based  on  the  original  cross-sectional  area  of  the 
test  specimen,  without  regard  to  the  lateral  con¬ 
traction  of  the  specimen  which  actually  occurs 
during  the  test.  The  ultimate  tensile  stress  is  com¬ 
monly  used  as  a  criterion  of  the  strength  of  the 
material  for  structural  application,  but  it  should 
be  borne  in  mind  that  other  strength  properties 
may  often  be  more  important. 

1.4.5  COMPRESSIVE  PROPERTIES 

1.4. 5.1  General. — The  results  of  compression 
tests  can  be  plotted  as  stress-strain  diagrams  simi¬ 
lar  to  those  shown  in  Figure  1. 4.4.1  for  tension. 
The  preceding  remarks  (with  the  exception  of 
those  pertaining  to  ultimate  stress)  concerning  the 
specific  tensile  properties  of  the  material  apply  in 
a  similar  manner  to  the  compressive  properties.  I. 
should  be  noted  that  the  moduli  of  elasticity  in 
tension  and  compression  are  approximately  equal 
(or  slightly  greater  in  compression)  for  most  of 
the  commonly  used  structural  materials.  Special 
considerations  concerning  the  ultimate  com¬ 
pressive  stress  are  taken  up  in  the  following  sec¬ 
tion.  An  evaluation  of  techniques  of  obtaining 
compressive  strength  properties  of  thin  sheet 
material  is  outlined  in  Reference  1.4. 5.1. 

1.4. 5.2  Ultimate  Compressive  Stress  (Fc„). — It  is 
difficult  to  discuss  this  property  without  reference 
to  column  action.  Almost  any  piece  of  material, 
unUss  very  short,  tends  to  buckle  laterally  as  a 
column  under  compressive  loadings,  and  the  load 
at  failure  usually  depends  on  the  relation  of  the 
length  of  the  piece  to  its  cross-sectional  dimen¬ 
sions.  Column  failure  cannot  occur,  however, 
when  a  piece  is  very  short  in  comparison  with  its 
cross-sectional  dimensions,  or  when  it  is 
restrained  laterally  by  external  means.  Under 
these  conditions,  some  materials,  such  as  stone, 
wood,  and  a  few  metals,  will  fail  by  fracture,  thus 
giving  a  definite  value  for  the  ultimate  com¬ 
pressive  stress.  Most  metals,  however,  are  so  duc¬ 
tile  that  no  fracture  is  encountered  in  compres¬ 
sion.  Instead  of  fracturing,  the  material  yields  and 
swells  out,  so  that  the  increasing  area  continues  to 


support  the  increasing  load.  It  is  almost  impossi¬ 
ble  to  select  a  value  for  the  ultimate  compressive 
sttess  of  such  materials  without  having  some  ar¬ 
bitrary  criterion.  For  wrought  metals,  it  is  com¬ 
mon  practice  to  assume  that  the  ultimate  com¬ 
pressive  stress  is  equal  to  the  ultimate  tensile 
stress.  For  some  cast  metals  which  are  relatively 
weak  in  tension,  an  ultimate  compressive  stress 
higher  than  the  ultimate  tensile  stress  may  be  ob¬ 
tained  from  tests  on  short  compact  specimens. 
When  tests  arc  made  on  such  specimens  having  an 
L/p  approximately  equal  to  1 2,  the  ultimate  stress 
obtained  is  called  the  block  compressive  stress. 

1.4.6  SHEAR  PROPERTIES 

1 .4.6. 1  General. — The  results  of  torsion  tests  on 
round  tubes  or  round  solid  sections  are  sometimes 
plotted  as  torsion  stress-strain  diagrams.  The 
modulus  of  elasticity  in  shear  as  determined  from 
such  a  diagram  is  a  basic  shear  property.  Other 
properties,  such  as  the  proportional  limit  and  ulti¬ 
mate  shearing  stress,  cannot  be  treated  as  basic 
properties  because  of  the  “form  factor”  effects. 

1 .4.6.2  Modulus  of  Rigidity  ( G). — This  property 
is  the  ratio  of  the  shearing  stress  to  the  shearing 
strain  at  low  loads,  or  simply  the  initial  slope  of 
the  stress-strain  diagram  for  shear.  It  is  also 
called  the  modulus  of  elasticity  in  shear.  The  rela¬ 
tion  between  this  property.  Poisson’s  ratio,  and 
the  modulus  of  elasticity  in  tension  is  expressed 
for  homogeneous  isotropic  materials  by  the 
following  equation: 


1 .4.6.3.  Proportional  Limit  in  Shear  ( Fsp). — This 
property  is  of  particular  interest  in  connection 
with  formulas  which  are  based  on  considerations 
of  perfect  elasticity,  as  it  represents  the  limiting 
value  of  shearing  stress  to  which  these  formulas 
can  be  accurately  applied.  As  previously  noted, 
this  property  cannot  be  determined  directly  from 
torsion  tests.  The  results  of  research  at  the  Na¬ 
tional  Bureau  of  Standards  show  that  the  ratio  of 
the  proportional  limit  in  shear  to  the  proportional 
limit  in  tension  can  be  assumed  to  be  approx¬ 
imately  0.55  for  the  commonly  used  materials. 


1.4. 6.4  Yield  and  Ultimate  Stress  in  Shear. — 
These  properties,  as  usually  obtained  from  tor¬ 
sion  tests,  arc  not  strictly  basic  properties,  as  they 
will  depend  on  the  shape  of  the  test  specimen,  in 
such  cases,  they  should  be  treated  as  moduli  and 
should  be  used  only  with  specimens  which  are 
geometrically  similar  to  those  from  which  the  test 
results  were  obtained. 

The  values  for  ultimate  shear  stress  reported  in 
the  room -temperature  property  tables  for  the 
aluminum  and  magnesium  sheet  alloys  are  based 
on  "punch"  shear-type  tests  except  as  noted. 
Heavy  section  data  are  based  on  pin  tests.  The 
shear  data  on  other  alloys  were  obtained  also 
from  “pin"  shear  tests,  except  where  thicknesses 
were  too  small. 

1.4.7  BEARING  PROPERTIES 

1.4.7.1  General. — Bearing  strengths  are  of 
value  in  the  design  of  joints  and  lugs.  Only  yield 
and  ultimate  values  are  obtained  from  bearing 
tests.  The  bearing  stress  is  obtained  by  dividing 
the  load  on  a  pin  which  bears  against  the  edge  of 
a  hole,  by  the  bearing  area,  where  the  area  is  the 
product  of  the  pin  diameter  and  sheet  thickness. 

The  bearing  test  requires  the  use  of  special 
cleaning  procedures  as  specified  in  ASTM 
E238-68.  In  the  various  room-temperature  prop¬ 
erty  tables  in  this  document,  when  the  indicated 
values  are  based  on  tests  with  clean  pins,  the 
values  are  footnoted  as  "dry  pin  values”.  See 
Reference  1.4. 7.1  for  discussion  of  this  matter. 

In  the  definition  of  bearing  values,  t  is  sheet 
thickness,  D  is  the  hole  diameter,  and  e  is  the  edge 
distance  measuicd  from  the  hole  center  to  the 
edge  of  the  material  in  the  direction  of  applied 
stress.  Tabular  values  arc  for  c/D  equal  to  2, 
unless  otherwise  stated.  Bearing  stress  values  for 
c/D  of  1.5  shall  not  be  used  for  e/D  <  1.5.  Bearing 
values  for  e/D  <  1 .5  shall  be  substantiated  by  ade¬ 
quate  tests,  subject  to  the  approval  of  the  procur¬ 
ing  or  certificating  agency.  For  edge  distance 
ratios  between  e/D  equal  to  2  and  c/D  equal  to 
1.5,  linear  interpolation  may  be  used. 

Bearing  values  arc  applicable  to  DA  ratios 
from  1  to  5.5.  Bearing  values  for  DA  >  5.5  or  <1 


must  be  substantiated  by  test.  The  percentage 
curves  showing  temperature  effects  on  bearing 
strength  may  be  used  with  e/D  values  of  1 .5  and 
2.0. 

1.4. 7. 2  Yield  and  Ultimate  Bearing  Stresses. — 
F^n,  is  the  maximum  stress  withstood  by  a  bearing 
specimen  and  /y,0. is  the  stress  at  an  offset  ol  2  per¬ 
cent  of  the  hole  diameter  of  a  bearing  stress- 
deformation  curve. 

1.4.8  TEMPERATURE  EFFECTS 

1.4. 8.1  Low  Temperature. — Temperatures 
below  room  temperature  generally  cause  an  in¬ 
crease  in  all  strength  properties  of  metals.  Duc¬ 
tility  usually  decreases.  For  specific  information, 
see  the  applicable  chapter  and  references  noted 
therein. 

1.4.8. 2  Elevated  Temperature. — Temperatures 
above  room  temperature  usually  cause  a  decrease 
in  the  strength  properties  of  metals.  This  decrease 
is  dependent  on  many  factors,  such  as  tem¬ 
perature  and  time  of  exposure  and  the  charac¬ 
teristics  of  the  material.  Ductility  may  increase  or 
decrease  with  increasing  temperature  depending 
on  the  same  variables.  Because  of  this  dependence 
of  strength  and  ductility  at  elevated  temperatures 
on  many  variables,  it  is  emphasized  that  the  ele¬ 
vated-temperature  properties  given  hereafter  for 
specific  materials  apply  only  to  the  slated  test 
condition. 


In  this  Handbook,  the  effect  of  temperature  on 
the  static  mechanical  properties  of  various  metals 
is  illustrated  by  means  of  a  series  of  graphs  of 
property  (as  percent  of  room  temperature  design 
allowable)  versus  temperature.  The  data  for  these 
graphs  have  been  obtained  from  tests  made  over  a 
limited  range  of  strain  rate.  Some  caution  should 
be  observed  in  using  these  static  property  curves 
at  very  high  temoeratures,  particularly  if  the 
strain  rate  in  the  structure  is  much  less  than  the 
strain  rate  used  to  obtain  the  basic  material  prop¬ 
erties.  The  reason  for  this  is  that  at  very  low  strain 
rates  or  under  sustained  stresses,  plastic  deforma¬ 
tion  or  creep  deformation  may  occur  to  the  detri¬ 
ment  of  the  intended  structural  use. 
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1.4. 8. 2.1  Creep  and  Stress-Rupture  Properties 

General. — Creep  is  defined  as  the  time-depen¬ 
dent  deformation  of  a  material  under  an  applied 
load.  It  is  usually  regarded  as  an  elevated-tem¬ 
perature  phenomenon,  although  some  materials 
creep  at  room  temperature  If  permitted  to  con¬ 
tinue  indefinitely,  creep  terminates  in  rupture. 
Since  creep  in  service  is  usually  typified  by  com¬ 
plex  conditions  of  loading  and  temperature,  the 
number  of  possible  stress-temperature-time 
profiles  is  infinite.  For  economic  reasons,  creep 
data  for  general  design  use  are  usually  obtained 
under  conditions  of  constant,  uniaxial  load  and 
temperature.  Creep  data  are  sometimes  obtained 
under  conditions  of  cyclic  uniaxial  load  and  con¬ 
stant  temperature  (see  Section  1. 4.9.2,  Dynamic 
Creep,  for  further  information).  It  is  recognized 
that,  when  significant  creep  appears  likely  to  oc¬ 
cur,  it  may  be  necessary  to  test  under  actual  ser¬ 
vice  conditions  because  of  difficulties  in  ex¬ 
trapolating  from  the  simple  to  the  complex  stress- 
temperature-time  conditions. 

Damage  incurred  in  a  material  as  a  result  of 
creep  (including  effects  resulting  from  elevated- 
temperature  exposure)  is  cumulative. 

This  damage  may  involve  the  tempering  or  an¬ 
nealing  of  hardened  materials  and  the  initiation 
and  growth  of  cracks  and  voids  (initially  of 
microscopic  size)  within  a  material.  Its  effects  are 
often  recognizable  as  a  reduction  in  short-time 
strength  properties  or  ductility,  both  at  room  and 
at  elevated  temperatures. 

Creep-Rupture  Curve.— The  results  of  tests  of 
materials  under  a  constant  load  and  temperature 
arc  usually  plotted  as  strain  versus  time  up  to  rup¬ 
ture.  A  typical  plot  of  creep-rupture  data  is  shown 
in  Figure  1.4.8.2.1(a).  The  strain  indicated  in  this 
curve  includes  both  the  instantaneous  deforma¬ 
tion  due  to  loading  and  the  plastic  strain  due  to 
creep. 


Time,  hours 


FIGURE  1 .4.8.2. 1  (a).  Typical  creep-rupture  curve. 

Total  Deformation  (or  Strain). — This  value  is 
defined  as  the  total  strain  at  any  given  time,  in¬ 
cluding  instantaneous  loading  strain  (which  may 
include  plastic  strain  in  addition  to  elastic  strain) 
and  creep  strain,  but  not  including  thermal  ex¬ 
pansion. 

Creep  Strain. — Creep  strain  is  the  time-depen¬ 
dent  part  of  the  strain  resulting  from  stress,  ex¬ 
cluding  instantaneous  loading  strain  and  thermal 
expansion. 

Plastic  Strain. — Plastic  strain  includes  the 
creep  strain  at  any  given  time  3nd  the  inelastic 
portion  of  the  instantaneous  loading  strain. 

Minimum  Creep  Rate. — Following  an  initially 
high  rate  of  straining  after  loading,  the  strain  rate 
gradually  decreases  to  a  minimum  value  that  may 
remain  constant  for  an  extended  period  of  time. 
This  strain  rate  is  defined  as  the  minimum  creep 
rate. 

Transition  Point. — Following  the  period  of 
constant  creep,  the  creep  rate  again  increases  un¬ 
til  rupture  occurs.  This  inflection  point  between 
the  constant  creep  rate  and  the  increasing  creep 
rate  is  defined  as  the  transition  point. 


Rupture  Stress. — The  stress  at  which  rupture 
occurs  is  defined  as  the  rupture  stress.  This  stress 
varies  inversely  with  time  for  constant-tem¬ 
perature  conditions.  Rupture-stress  data  are  often 
used  in  design  if  the  amount  of  total  deformation 
is  not  a  limiting  factor. 

Creep-Design  Curves. — Creep  properties  in 
this  document  are  presented  sometimes  in  the  for¬ 
mat  of  curves  on  figures  showing  (1 )  time  to  reach 
specified  amounts  of  total  deformation  or  total 
deformation,  plus  thermal  expansion,  and  (2) 
time  to  rupture;  both  plotted  as  a  function  of 
stress.  Each  of  the  figures  contains  data  represent¬ 
ing  a  single  test  temperature. 

Creep  Nomographs. — Creep  properties  also  are 
illustrat'd  by  means  of  creep  nomographs,  one 
type  oi  which  is  described  (see  Reference 
1. 4.8.2. 1).  The  presentation  of  creep  properties  in 
this  manner  requires  the  use  of  a  comparatively 
large  number  of  results  of  tests  conducted  over 
the  ranges  of  stress,  temperature,  and  time  of  par¬ 
ticular  interest  for  the  specific  material.  Further¬ 
more,  these  data  must  be  capable  of  being  repre¬ 
sented  by  a  mathematical  equation  relating  these 
three  variables  with  strain.  Constants  in  the  equa¬ 
tion  are  determined  by  least-squares-regression 
techniques,  following  which  the  equation  is  plot¬ 
ted  as  a  nomograph  as  illustrated  in  Figure 
1.4.8.2.1(b). 


FIGURE  1 .4.8.2. 1  (b).  Schematic  creep  nomograph. 


it  through  any  two  of  the  parameters,  stress-tem¬ 
perature,  time-temperature,  and  creep-strain  (in¬ 
dicated  by  circles  in  the  illustration),  and  deter¬ 
mining  the  inter-section  with  the  scale  for  the 
third  parameter.  Instantaneous  loading  strains 
are  not  indicated  in  the  nomograph  and  should  be 
obtained  from  stress-strain  curves  or  other 
sources. 

1.4.9  FATIGUE  PROPERTIES 


This  nomograph  presents  creep  strain  as  a  func¬ 
tion  of  initial  stress  (load  divided  by  initial  cross- 
sectional  area),  temperature,  and  time  for  con¬ 
stant-load,  constant-temperature  conditions. 
Creep  strains  obtained  using  the  indicated  dashed 
line  analysis  on  Figure  1.4.8.2.1(b)  are  mean 
strain  values.  Maximum  and  minimum  strain 
values  for  a  given  mean  strain  can  be  obtained  by 
laying  off  a  length  above  and  below  the  mean 
value  whose  magnitude  is  equal  to  the  indicated 
length  of  one  standard  deviation.  With  this  con¬ 
struction.  the  maximum  strain  is  a  value  that  will 
be  expected  to  be  exceeded  by  about  5  percent  of 
data;  whereas  the  minimum  strain  is  a  value  that  5 
percent  of  the  data  will  be  below.  Since  limit 
design  stresses  do  not  exceed  the  short  time  yiejd 
strength  of  a  material  at  service  temperature, 
stress-temperature  parameters  arc  terminated  at 
this  stress.  The  nomograph  is  utilized  by  entering 


1. 4.9.1  General. — Repeated  loads  are  one  of 
the  major  causes  for  reducing  design  allowable 
stresses  below  those  listed  in  the  various  tables  of 
static  properties  (Flu>  F,y  etc.)  These  reductions 
vary  extensively  in  degree  and  are  a  function  of 
the  design  practices  of  the  producer  of  parts. 
Therefore,  no  discussion  of  design  use  of  fatigue 
(repeated  load)  data  is  included  herein.  However, 
some  basic  laboratory  test  data  are  useful  in  the 
materials  selection  and  preliminary  design  pro¬ 
cesses  and  such  data  are  therefore  provided  in  the 
appropriate  materials  section,  whenever  avail¬ 
able. 

In  the  past,  common  methods  of  obtaining  and 
reporting  repeated  load  (fatigue)  data  included 
axial-loading  tests,  plate  bending  tests,  rotating 
bending  tests,  and  torsion  tests.  Rotating  bending 
tests  apply  completely  reversed  (tension-com- 
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prcssion)  stressing  to  round  specimens.  Tests  of 
uns  type  are  now  seldom  conducted  for  aerospace 
use  and  have  therefore  been  dropped.  For  similar 
reasons,  flexure  fatigue  data  also  have  been 
dropped.  No  significant  amount  of  torsional  fa¬ 
tigue  data  have  ever  been  available.  Axial  loading 
tests,  the  oniy  type  retained  herein,  not  only  can 
consist  of  completely  reversed  loading  (mean 
stress  equals  zero),  but' the  mean  stress  can  be 
varied. 

1.4 .9.2  Fatigue  Symbols'  and  Definitions. — A 
number  of  symbols  and  definitions  are  commonly 
used  in  fatigue.  The  most  important  of  these  are 
presented  in  this  section  (see  Reference  1. 4.9.2). 

Stress  Cycle. — The  smallest  section  of  the 
stress-time  function  which  is  repeated 
periodically  and  identically.  Figure  1. 4.9.2  illus¬ 
trates  diagrammatically  many  of  the  following 
terms. 

Nominal  Stress  (S). — The  stress  calculated  on  the 
net  section  by  simple  theory  such  as  S  =  P/A  with¬ 
out  taking  into  account  the  variation  in  stress  con¬ 
ditions  caused  by  geometrical  discontinuities  such 
as  holes,  grooves,  fillets,  etc. 


Stress  Ratio  (R).— The  algebraic  ratio  of  the 
minimum  stress  to  the  maximum  stress  in  one  cy¬ 
cle,  i.e.,  R  =  Smin/’SjTiax.* 
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Tensile  Loading  -  Minimum 
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Maximum  Stress  (Sma3t). — The  highest 
algebraic  value  of  the  stress  in  the  stress  cycle, 
tensile  stress  being  considered  positive  and  com¬ 
pressive  stress  negative. 

Minimum  Stress  (S^jn). — The  lowest  algebraic 
value  of  the  stress  in  the  stress  cycle,  tensile  stress 
being  considered  positive  and  compressive  stress 
negative. 
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Range  of  Stress  (Sr). — The  algebraic  difference 
between  the  maximum  and  minimum  stresses  in 
one  cycle,  i.e.,  Sr =  Smax'Sroin- 

Alternating  Stress  Amplitude  (or  Variable 
Stress  Component)  (Sa).— One-half  the  range  of 
stress,  i.e.,  Sa  =  Sr/2. 

Mean  Stress  (or  Steady  Stress  Component) 
(Sm). — The  algebraic  mean  of  the  maximum  and 
minimum  stresses  in  one  cycle,  i.e.,  Sm  =  (Smax  + 
S(nin)/2. 


FIGURE  1 .4.9.2.  Typical  fatigue  loadings. 


,  .  .  stress  amplitude  ($,) .  ,  . 

Another  ratio.  A  =  ■  mcanuresst^) '  ,s  be,n*  uscd-  P*r' 

ticularly  in  high-temperature  fatigue  work.  A  is  related  to  R 
as  follows: 


1  -  A  I  -  R 
I  +  A  ’A,=  1  +  R 


Stress  Cycles  Endured  (n). — The  number  of  cy-- 
cles  which  a  specimen  has  endured  at  any  stage  of 
a  fatigue  test. 

Fatigue  Life  (N). — -The  number  of  stress  cycles 
which  can  be  sustained  before  failure  for  a  given 
test  condition. 

S-N  Diagram. — A  plot  of  stress  against  number 
of  cycles  to  failure.  It  is  usually  plotted  S  versus 
log  N,  but  a  plot  of  log  S  versus  log  N  is  some¬ 
times  used. 

Constant-Lifetime  Diagram. — A  summary 
graph  prepared  from  a  group  of  S-N  curves  on  a 
material,  each  S-N  curve  obtained  at  a  different 
stress  ratio.  In  this  document  the  diagram  shows 
the  relationship  between  the  alternating  stress 
amplitude  and  the  mean  stress  and  between  max¬ 
imum  stress  and  mi'  imum  stress  of  the  stress  cy¬ 
cle  for  various  constant  lifetimes  (for  example, 
10*,  10s,  107  cycles).  The  diagrams  may  be  con¬ 
structed  for  a  fracture  criterion,  for  various 
dynamic  creep  criteria,  or  other  criteria  as 
desired. 

Dynamic  Creep.— The  permanent  deformation 
that  can  occur  in  a  fatigue  test  (usually  conducted 
at  elevated  temperature),  and  for  which  the  stress 
ratio  (R  or  A)  is  such  that  a  tensile  means  stress 
exists  throughout  the  test. 

Fatigue  Limit  (or  Endurance  Limit)  (Se). — The 
limiting  value  of  the  stress  below  which  a  material 
can  presumably  endure  an  infinite  number  of 
stress  cycles,  that  ]s,  the  stress  at  which  the  S-N 
diagram  becomes  horizontal  and  appears  to  re¬ 
main  so.  The  limit  may  he  hundreds  of  millions  of 
cycles. 

Stress  at  the  Fatigue  Limit. — This  stress  may  be 
expressed  in  terms  of  the  alternating  stress 
amplitude  or  the  maximum  stress;  whichever  of 
these  methods  are  used,  the  value  of  the  mean 
stress,  minimum  stress,  or  stress  ratio  must  also  be 
stated. 

Fatigue  Strength.— The  greatest  stress  (consis¬ 
tent  with  the  preceding  paragraph)  which  can  be 
sustained  for  a  given  number  of  cycles  without 
fracture.  The  number  of  cycles  should  always  be 
given. 


1 .4.9.3  Graphical  Display  of  Fatigue  Data. — The 
results  of  axial-load  fatigue,  tests  are  usually 
reported  on  S-N  diagrams.  Figure  1.4.9.3(a) 
shows  a  family  of  axial  load  S-N  curves  for  a 
material,  the  data  for  each  curve  having  been 
taken  at  a  single  stress  ratio,  R. 

Fatigue  data  as  presented  in  Figure  1.4.9.3(a) 
are  helpful  to  the  designer;  however,  it  also  has 
been  found  useful  to  present  a  summary  plot  of 
fatigue  data  as  a  modified  Goodman-type 
diagram  or  constant-life  fatigue  diagram,  as 
shown  in  Figure  1.4.9.3(b)  for  the  same  curves  il¬ 
lustrated  in  Figure  1.4.9.3(a). 

For  elevated-temperature  design,  it  may  be 
useful  to  consider  creep  and  fatigue 
simultaneously;  i.e.,  a  component  may  fail  either 
as  a  consequence  of  excessive  plastic  deformation 
or  by  fracture  from  repeated  stress.  This  is  illus¬ 
trated  in  Figure  1.4.9.3(c)  where  S-N  curves  are 
shown  for  a  material  tested  at  elevated  tem¬ 
perature  at  one  stress  ratio.  In  the  Figure,  S-N 
curves  are  shown  for  failure  by  fatigue  fracture 
and  for  two  dynamic  creep  criteria. 

Again,  by  means  of  a  constant-life  diagram 
shown  in  Figure  1.4.9.3(d),  a  summary  plot  can 
be  made  of  families  of  S-N  curves  for  the  fracture 
criterion  and  for  one  or  more  dynamic  creep  cri¬ 
teria. 

The  fatigue  data  provided  in  the  various  con¬ 
stant-life  diagrams  in  each  material  chapter  were 
derived  from  average  (or  typical)  S-N  curves 
which  would  lie  at  about  the  center  of  scatter 
>  ands  of  existing  unnotched  and  notched  data. 

To  provide  some  idea  of  the  extent  of  data  on 
which  the  diagrams  are  based,  the  radiating  R  or 
A  lines  Which  to?  respond  to  the  specific  test  con¬ 
ditions  for  which  data  were  available  are  marked 
by  a  rectangular  symbol  along  the  outer  ex¬ 
tremities  of  the  diagram.  Some  tests  are  con¬ 
ducted  under  constant  mean  stress  conditions.  In 
these  cases,  the  rectangles  are  close  to  the  mean 
stress  axis.  These  curves  may  not  apply  directly  to 
the  design  of  structures  because  they  may  not  take 
into  account  the  effect  of  the  specific  stress  con¬ 
centration  associated  with  reentrant  corners, 
noichcs,  holes,  joints,  rough  surfaces,  and  other 
similar  conditions  which  arc  present  in  fabricated 
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FIGURE  1.4.9.3(a).  S-N  curves  for  a  material  at 


various  stress  ratios. 


parts.  The  localized  high  stresics  induced  in 
fabricated  parts  by  such  stress  raisers  are  of  much 
greater  importance  for  repeated  loading  than  they 
are  for  static  loading.  They  reduce  the  fatigue  life 
of  fabricated  parts  lar  below  that  which  would  be 
predicted  by  comparing  the  smooth-specimen 
fatigue  strength  directly  with  the  nominal  calcu¬ 
lated  stresses  for  the  parts  in  question.  Fabricated 
parts  in  test  have  been  found  to  fail  at  less  than 
50,000  repetition-  of  load  when  the  nominal 
stress  was  far  below  that  which  could  be  repeated 
many  millions  of  times  on  a  smooth  machined 
specimen. 
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FIGURE  1.4.9.3(c).  S-N  curves  for  fatigue  fracture 
and  t  mo  dynamic  creep  criteria. 


FIGURE  1.4.9.3(b).  Constant-life  diagiam  from  S-N 
curves  for  Figure  1.4.9.3(a). 


FIGURE  1.4.9.3(d).  Constant-life  diagram  for  frac¬ 
ture  and  one  creep  criterion. 


The  notched  fatigue  data  in  the  figures  are 
picsented  so  that  by  comparing  the  notched  data 
with  those  from  smooth  specimens,  the  serious 
effect  of  a  sharp  notch  on  fatigue  strength  can  be 
seen.  The  notch  fatigue  strengths,  like  the  smooth 
specimen  fatigue  strengths,  are  not  to  be  used 
directly  as  the  allowable  stress  values  for  design, 
but  are  included  for  information. 


References  1.4.9.3(a)  and  (b)  contain  much 
more  specific  information  on  fatigue  testing  pro¬ 
cedures,  organization  of  data,  the  influence  of 
various  factors  on  fatigue,  and  on  design  con¬ 
siderations. 
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1.4.10  Metallurgical  in- 

STABILITY. — In  addition  to  the  retention  of 
load-carrying  ability  and  ductility,  a  structural 
material  must  also  retain  surface  and  internal 
stability.  Surface  stability  refers  to  the  resistance 
of  the  material  to  oxidizing  or  corrosive  environ¬ 
ments.  Lack  of  internal  stability  is  generally 
manifested  by  carbide  precipitation,  spheroidiza- 
tion,  sigmaphase  formation,  temper  embrittle¬ 
ment,  and  internal  or  structural  transformation, 
depending  upon  the  material  and  conditions. 

Environmental  conditions  which  may  influence 
metallurgical  stability  include  (a)  heat,  (b)  stress, 
(c)  oxidizing  or  corrosive  media,  and  (d)  nuclear 
radiation.  The  effect  of  the  environment  on  the 
material  may  be  indicated  as  either  improvement 
or  deterioration  of  properties,  depending  upon 
the  way  the  material  is  evaluated.  For  example, 
prolonged  heating  may  progressively  raise  the 
strength  of  a  metal  as  measured  on  smooth  tensile 
or  fatigue  specimens,  but  at  the  same  time  lower 
the  ductility  to  such  an  extent  that  notched 
behavior  is  erratic  or  unpredictable.  The 
metallurgy  of  each  alloy  should  be  considered  in 
selecting  any  material  listed  herein. 

Under  normal  temperatures,  i.e.,  between  219 
K  and  344  K,  the  stability  of  most  structural 
materials  is  relatively  independent  of  time. 
However,  as  the  temperature  increases,  the 
metallurgical  stability  of  a  material  becomes  in¬ 
creasingly  time  dependent  and  the  factor  of  time 
assumes  a  more  prominent  role  in  materia! 
behavior  and  selection. 

1.4.11  BIAXIAL  PROPERTIES 

1 .4. 11.1  General.— Discussions  up  to  this  point 
have  been  directed  primarily  to  uniaxial  condi¬ 
tions,  whether  the  subject  was  static,  fatigue,  or 
creep  loading.  In  actuality,  many  structural 
geometries,  or  load  applications,  are  such  that  in¬ 
duced  stresses  are  not  uniaxial,  but  are  bi-  or 
triaxial.  Because  of  the  difficulty  in  testing,  few 
triaxial  stress  data  exist.  However,  considerable 
biaxial  testing  has  been  conducted  and  the  follow¬ 
ing  paragraphs  describe  how  the  results  are 
presented  in  this  Handbook.  If  stresses  are  re¬ 
ferred  to  the  mutually  perpendicular  x,  y,  and  z 
directions  of  the  usual  rectangular  coordinates,  a 


biaxial  stress  is  a  condition  such  that  there  are 
either  positive  or  negative,  stresses  in  the  x  and  y 
directions  and  the  stress  in  the  z  direction  is  essen¬ 
tially  zero.  Most  of  the  discussion  hereafter  is 
concerned  with  x  and  y  direction  stresses  which 
are  both  tensile  (see  Reference  1.4.1 1.1). 


0  002  offset  Stroin,  in./in. 


FIGURE  1.4.11.1.  Typical  biaxial  stress-strain 
diagrams  for  isotropic 
materials. 

When  a  specimen  of  a  material  is  tested  under 
biaxial  loading  conditions,  it  is  customary  to  plot 
the  results  of  such  a  test  as  a  “biaxial  stress-strain 
diagram”.  These  diagrams  are  similar  to  the  ten¬ 
sile  stress-strain  diagrams  shown  in  Figure 
1.4. 4.1.  Usually,  only  the  maximum 
(algebraically  larger)  principal  stress  and  strain 
are  shown  for  each  test.  When  tests  of  the  same 
material  are  conducted  at  various  biaxial  ratios, 
the  resulting  curves  may  be  plotted 
simultaneously,  producing  a  “family”  of  biaxial 
stress-strain  curves  as  shown  in  Figure  1.4.11.1 
for  an  isotropic  material.  For  an  anisotropic 
material,  the  curve  for  a  given  biaxial  ratio  would 
r.ot  coincide  with  the  curve  for  the  reciprocal  of 
the  biaxial  ratio.  The  reference  direction  for  biax¬ 
ial  ratio  (i.e.,  direction  corresponding  to  B  =  O) 
should  clearly  be  indicated  on  the  figure.  The 
reference  direction  is  the  longitudinal  (rolling) 
direction  for  flat  products  and  the  hoop  (circum¬ 
ferential)  direction  for  shells  of  revolution  (tubes, 
cones,  etc.). 

The  biaxial  property  data  presented  in  the 
Handbook  are  to  be  considered  as  basic  material 
properties  obtained  from  tests  on  carefully  pre- 


pared  specimens.  The  stress  values  reported  here 
may  not  be  attainable  in  full-scale  structures,  de¬ 
pending  upon  weld  quality  and  other  fabriea- 
tional  factors  (sec  Reference  1.4.11.1  for  further 
information). 

1.4.11.2  Biaxial  Modulus  of  Elasticity. — Refer¬ 
ring  to  Figure  1.4.1 1.1,  it  will  be  noted  that  the 
first  part  ot  the  diagram  is  substantially  a  straight 
line.  In  uniaxial  tension,  the  slope  of  this  line  is 
defined  as  the  “modulus  of  elasticity”  (sec  Section 
1.4.4. 2).  Under  biaxial  loading  conditions  this 
slope,  now  called  the  “biaxial  modulus  of 
elasticity”,  is  affected  by  the  biaxial  ratio  and 
Poisson’s  ratio  (sec  Equation  1.3. 7.4). 

1 .4. 1 1 .3  Biaxial  Yield  Stress. — Just  as  the  tensile 
yield  stress  ( F,y )  is  defined  arbitrarily  as  the 
uniaxial  stress  at  0.002  m/m  "offset"  or  per¬ 
manent  strain,  as  determined  from  the  tensile 
stress-strain  curve,  the  biaxial  yield  stress  is 
defined  as  the  maximum  principal  stress  at  0.002 
m/m  offset  strain,  as  determined  from 
the  biaxial  stress-strain  curve. 

In  design  of  aircraft  and  missile  structures, 
biaxial  ratios  other  than  those  normally  used  in 
biaxial  testing  are  frequently  encountered.  For 
convenience  in  interpolate  g  at  intermediate 
biaxial  ratios,  biaxial  yield-stress  values  are 
shown  as  biaxial  yield-stress  “envelopes",  as  illus¬ 
trated  in  Figure  1.4.11.3.  In  preparing  these  en¬ 
velopes,  data  are  first  reduced  to  nondimensional 
form  (percent  of  uniaxial  tensile  yield  stress  in  the 
specified  reference  direction),  then  a  best  curve  is 
fitted  to  the  reduced  data.  Biaxial  yield-strength 
values  for  design  are  then  obtained  by  multiply¬ 
ing  the  F(yfor  the  specified  material  by  the  coor¬ 
dinates  of  the  curve  (in  percent)  at  the  appropri¬ 
ate  biaxial  ratio.  To  avoid  possible  confusion,  the 
reference  direction  used  for  the  uniaxial  yield 
strength  is  indicated  on  each  figure. 

The  local  value  of  the  biaxial  ratio  should  be 
used  in  applying  biaxial  yield  stress  data  to 
design.  Thus,  although  a  sheet  may  have  a  gross 
loading  with  a  biaxial  ratio  of  one,  at  each  free 
(unloaded)  edge  or  hole,  the  local  stress  system  is 
uniaxial  and  the  local  biaxial  ratio  is  either  zero 
or  infinity.  A  similar  precaution  applies  to 
material  in  the  vicinity  of  loaded  holes  (e.g.,  rivet 
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FIGURE  1.4.11.3.  Typical  biaxial  yield  stress 
envelope. 

holes,  bolt  holes)  and  to  discontinuities  in  cross 
section,  such  as  those  occurring  as  a  result  of  in¬ 
tegral  stiffeners. 

1.4.11.4  Biaxial  Ultimate  Stress. — Biaxial  ulti¬ 
mate  stress  is  defined  as  the  highest  nominal  prin¬ 
cipal  stress  reached  in  specimens  of  a  given  con¬ 
figuration,  tested  at  a  given  biaxial  ratio.  Unlike 
uniaxial  ultimate  tensile  stress (F»u ),  biaxial  ulti¬ 
mate  stress  is  often  highly  dependent  upon  the 
geometrical  configuration.  Thus,  ultimate-stress 
data  obtained  from  tests  on  cylindrical  vessels 
should  be  limited  to  cylindrical-vessel  applica¬ 
tions,  flat-sheet  data  only  to  flat-sheet  applica¬ 
tions,  etc. 

The  method  of  presenting  biaxial  ultimate- 
stress  data  is  similar  to  that  described  in  Section 
1.4.11.3.  When  nominal  strains  at  biaxial  ulti¬ 
mate  stress  values  are  available,  they  are  reported 
as  a  function  of  biaxial  ratio. 

1.4.12  FRACTURE  STRENGTH 

1.4.12.1  General. The  occurrence  of  flaws  in  a 
structural  component  is  an  unavoidable  circum¬ 
stance  of  material  processing,  fabrication,  or  ser¬ 
vice.  These  flaws  may  be  cracks,  metallurgical  in¬ 
clusions  or  voids,  weld  defects,  design  discon¬ 
tinuities,  or  some  combination  thereof.  If  severe 
enough,  these  flaws  can  induce  structural  failure 
at  loads  below  those  of  the  nominal  design.  The 
fracture  strength  of  a  component  containing  a 


flaw  is  dependent  on  the  flaw  size,  the  component 
geometry,  and  a  material  property  termed  “frac¬ 
ture  toughness". 

The  fracture  toughness  of  a  material  is  literally 
a  measure  of  its  resistance  to  fracture.  It  also  is 
considered  a  measure  of  its  tolerance  or  lack  of 
sensitivity  to  flaws.  As  with  many  other  material 
properties,  fracture  toughness  is  dependent  on 
processing  variables,  product  form,  geometry, 
temperature,  loading  rate,  and  other  environmen¬ 
tal  factors.  Many  measures  of  fracture  toughness 
have  evolved.  Those  based  on  crack  stress  or 
strain  analysis  are  more  meaningful  for  use  in 
design  applications.  Other  measures  are  useful  for 
qualitative  evaluation  of  materials;  however,  they 
have  proven  to  be  difficult  to  apply  to  specific 
design  configurations. 

While  there  are  several  types  of  fracture,  this 
discussion  is  limited  to  brittle  fracture  which  is 
characteristic  of  high-strength  materials  in  struc¬ 
tural  configurations  which  approach  plane-strain 
conditions  by  nature  of  their  bulk  thickness  or 
geometric  constraint.  Little  plasticity  accom¬ 
panies  the  fracture.  The  following  is  based  on  the 
current  practice  of  testing  specimens  of  materials 
under  slowly  increasing  loads.  Attendant  and  in¬ 
teracting  conditions  of  cyclic  loading,  prolonged 
static  loadings,  environmental  influences  other 
than  temperature,  and  high-strain  rate  loading 
are  not  considered. 

1.4.12.2  Brittle  Fracture. — For  materials  which 
have  little  capacity  for  plastic  flow,  or  for  flaw 
and  structural  configurations  which  induce  triax- 
ial  tension  stress  states  adjacent  to  the  flaw,  com¬ 
ponent  behavior  is  essentially  elastic  until  the 
fracture  stress  is  reached.  Then,  a  crack  propa- 
gates  from  the  flaw  suddenly  and  completely 
through  the  component.  A  convenient  illustration 
of  brittle  fracture  is  a  typical  load  compliance 
record  of  a  brittle  structural  component  contain¬ 
ing  a  flaw,  as  illustrated  in  Figure  1.4.12.2.  Since 
little  or  no  plastic  effects  are  noted,  this  mode  is 
termed  brittle  fracture.  This  mode  of  fracture  is 
somewhat  characteristic  of  the  very  high-strength 
metallic  materials  under  plane-strain  conditions. 

1.4.12.2.1  Brittle  Fracture  Analysis. — The  ap¬ 
plication  of  linear  elastic  fracture  mechanics  has 
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FIGURE  1.4.12.2  Typical  load-deformation  record 
of  a  structural  component  con¬ 
taining  a  flaw  subject  to  brittle 
fracture. 

led  to  the  stress  intensity  concept  to  relate  flaw 
size,  component  geometry,  and  fracture  tough¬ 
ness.  In  a  very  general  form,  the  stress  intensity 
factor,  K,  can  be  expressed  as 

_  1/2 

K  =  fVaY,  MPa  •  m  (1.4.12.2.1) 

where 

f  =  stress  applied  to  the  gross,  flawed  section, 
MPa 

a  =  measure  of  flaw  size,  inches 

Y  =  factor  relating  component  geometry  and 
flaw  size,  nondimcnsional.  See  Reference 
1.4.12.2.1(a)  for  values. 

For  every  structural  material  which  exhibits  brit¬ 
tle  fractures  (by  nature  of  low  ductility  or  plane- 
strain  stress  conditions),  there  is  a  lower  limiting 
value  of  K  termed  the  plane-strain  fracture  tough*- 
ness,  Kje. 

The  specific  application  of  this  relationship  is 
dependent  on  flaw  type,  structural  configuration 
and  type  of  loading,  and  a  variety  of  these 
parameters  can  interact  in  a  real  structure.  Flaws 
may  occur  through  the  thickness,  may  be  imbed¬ 
ded  as  voids  or  metallurgical  inclusions,  or  may 
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be  partial -through  (surface)  cracks.  Loadings  of 
concern  may  be  tension  and/or  flexure.  Structural 
components  may  vary  in  section  size  and  may  be 
reinforced  in  some  manner.  The  ASTM  Commit¬ 
tee  E-24  on  Fracture  Testing  of  Metals  has  been 
evolving  testing  and  analytical  techniques  for 
many  practical  situations  of  flaw  occurrence  sub¬ 
ject  to  brittle  fracture.  These  are  well  summarized 
in  References  1.4.12.2.1(a),  1.4.12.2.1(b),  and 
1.4. 12.2. 1(c)  and  are  updated  by  committee  notes 
and  reports. 

1.4.12.3  Critical  Plane-Strain  Fracture  Tough¬ 
ness  Values. — In  the  general  discussion  prefacing 
each  alloy  chapter,  a  tabulation  of  fracture  tough¬ 
ness  values  is  presented  where  information  is 
available.  These  values  are  average  critical  plane- 
strain  fracture  toughness  values,  Kic,  which  have 
been  determined  by  the  recommended  ASTM 
testing  practice.  Since  the  data  on  a  given  alloy 
and  product  form  are  generally  limited,  these 
data  are  for  information  only  and  do  not  have  the 
statistical  reliability  normally  associated  with  the 
room  temperature  mechanical  properties.  In 
general,  these  data  are  available  only  for  the  high 
strength  alloys  in  relatively  thick  sections. 

The  directional  significance  of  the  fracture 
toughness  value  relative  to  the  grain  direction  of 
the  material  may  be  identified  by  an  ordered  pair 
of  grain  direction  symbols.  The  first  digit  of  the 
pair  denotes  the  grain  direction  normal  to  the 
crack  plane;  the  second  digit  of  the  pair  denotes 
the  grain  direction  parallel  to  the  fracture  direc¬ 
tion.  Thus,  the  six  principal  fracture  path  direc¬ 
tions  may  be  denoted  as: 

L-T  T-S 

L-S  S-L 

T-L  S-T 

Figure  1.4.12.3  illustrates  the  six  principal 
fracture  path  directions. 

1.4.12.3.1  Environmental  Effects. — As  noted  in 
Section  1.4.12.1,  all  fracture-toughness  data 
presented  in  this  document  represent  data  ob¬ 
tained  under  a  single  application  of  a  steadily  in¬ 
creasing  load  in  air.  Cyclic  loading,  even  well 
below  the  fracture  threshold  stress,  may  result  in 
propagation  of  flaws,  leading  to  fracture.  Strain 
rates  in  excess  of  those  normally  used  in  testing 
may  cause  variations  in  material  behavior.  There 


FIGURE  1.4.12.3.  Typical  principal  fracture  path 
directions. 


are  distinct  effects  of  temperature  on  fracture- 
toughness  properties. 

A  very  limited  o.uantity  of  effect  of  temperature 
data  are  available  for  fracture  toughness  proper¬ 
ties.  Where  these  are  available,  they  will  be  incor¬ 
porated  in  the  X.X.X.X.9  section  of  each 
chapter. 

It  has  been  noted  that  under  sustained  loads 
some  materials  exhibit  increased  flaw-propaga¬ 
tion  tendencies  in  aqueous  or  corrosive  environ¬ 
ments.  When  such  is  known  to  be  the  case,  ap¬ 
propriate  precautionary  notes  have  been  included 
in  the  alloy  chapters. 

1.4.12.4  Fracture  in  Plane  Stress  and  Transi¬ 
tional  Stress  States. — In  many  structural  compo¬ 
nents,  plane  strain  conditions  are  never 
manifested  because  of  the  thinness  of  the  product 
form  and  the  intrinsic  ductility  of  the  material.  In 
these  cases,  the  actual  stress  state  may  approach 
the  opposite  extreme,  plane  stress,  or,  more 
generally,  some  intermediate  or  transitional  stress 
state.  Flaws  or  cracks  which  may  occur  in  these 
stress  states  behave  differently  than  those  in  plane 
strain.  Under  loading,  due  to  lesser  crack  tip  con¬ 
straint,  significant  plastic  zones  may  develop  ad¬ 
jacent  to  the  crack  tip,  and  stable  extension  of  the 
crack  may  occur  by  a  slow  tearing  process  This 
more  complex  behavior  is  exhibited  in  the  com¬ 
pliance  record  as  a  significant  nonlinearity  prior 
to  fracture  such  as  shown  in  Figure  1.4. 12.4.  This 
nonlinearity  results  from  the  lessening  stiffness 
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FIGURE  1.4.12.4.  Typical  load-deformation  record 
for  nonplane  strain  fracture. 


which  accompanies  plastic-zone  development  and 
from  the  reduced  cross-sectional  area  resulting 
from  crack  extension. 


1.4.12.4.1  Analysis  of  Plane  Stress  and  Transi¬ 
tional  Stress  State  Fracture. — Although  the  physi¬ 
cal  problem  is  much  more  complex,  the  basic  con¬ 
cepts  of  linear  elastic  fracture  mechanics  as  used 
in  plane  strain  fracture  analysis  may  be  applied 
here  also.  The  stress  intensity  factor  concept,  as 
expressed  in  general  form  by  Expression 

1.4.12.2.1.,  is  used  to  relate  load  or  stress,  flaw 
size,  component  geometry,  and  fracture  tough¬ 
ness.  However,  the  interpretation  and  assignation 
of  critical  stress  intensity  factors  must  be  ac¬ 
complished  with  much  greater  care.  In  Figure 

1.4.12.4.,  it  can  be  seen  that  there  are  at  least  two 
and  possibly  more  points  on  the  load-deforma¬ 
tion  curve  to  which  it  would  be  important  to 
assign  K  values.  These  are  the  point  of  onset  of 
nonlinearity  and  the  point  of  fracture,  each  of 
which  generally  will  occur  at  different  stress 
levels,  as  well  as  different  crack  lengths  due  to 
stable  tear. 


This  becomes  clearer  when  the  compliance 
record  is  transformed  into  the  crack  growth  curve 
on  the  stress-flaw  size  coordinate  system  format 
illustrated  in  Figure  1.4.12.4.1.  In  most  practical 
cases,  however,  the  definition  and  precise  experi¬ 
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FIGURE  1 .4. 1 2.4. 1 .  Crack  growth  curve. 


mental  discrimination  of  the  point  of  onset  of 
nonlinearity  and  the  point  of  fracture  are  very 
elusive. 


As  a  result,  an  alternate  characterization  of  the 
fracture  behavior  can  be  achieved  by  calculating 
an  artificial  or  “apparent”  stress-intensity  factor, 
Kapp  ~  i\/ ,  (1.4.12.4.1) 

using  the  maximum  stress  and  the  initial  flaw  size. 
This  datum  coordinate  corresponds  to  the  point  A 
in  Figure  1.4.12.4.1  and  its  associated  stress-in¬ 
tensity  factor,  Kapp,  is  a  first  approximation  to  the 
actual  K  values  which  may  be  associated  With 
either  the  onset  of  nonlinearity  or  the  point  of 
fracture. 


1.4.12.5  Apparent  Fracture  Toughness  Values 
for  Plane  Stress  and  Transitional  Stress  States.— In 
each  alloy  chapter,  basic  fracture  data  are 
presented  on  a  graphical  format  of  stress  versus 
flaw  size  for  each  alloy,  temper,  product  form, 
grain  direction,  thickness,  and  specimen  con¬ 
figuration  where  data  are  available.  The  data 
points  shown  represent  the  initial  flaw  size  and 
maximum  stress  for  that  test  point.  The  data 
presented  have  been  screened  to  assure  that  there 
was  a  bona  fide  elastic  instability  at  fracture  con¬ 
sistent  with  the  specimen  type.  The  average  Kapp 
curve,  as  defined  in  the  following  subsections,  is 
shown  for  each  set  of  data. 
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1.4.12.5.1  Center-Cracked  Tension  Panels. — 
The  formulation  of  the  apparent  fracture  tough¬ 
ness  for  center-cracked  tension  panels  is 

Kapp  =  fc(rra0sec  :ra0/W)1/2  (1.4.12.5.1(a)) 

The  data  points  used  to  determine  the  Kapp  values 
have  been  screened  to  assure  that  the  net  section 
stress  at  failure  did  not  exceed  80%  of  the  tensile 
yield  strength;  that  is,  they  satisfied  the  criterion 

fc<  0.8 (TYS)/(  1  -2a/W)  (1.4.12.5.1(b)) 

This  criterion  assures  that  the  fracture  was  an 
elastic  instability  and  that  plastic  effects  are 
negligible. 

The  average  Kapp  parametric  curve  is  presented 
on  each  figure  as  a  solid  line  with  multiple  exten¬ 
sions  where  width  effects  are  displayed  in  the 
data.  As  additional  information,  where  data  are 
available,  the  propensity  for  slow  stable  tear  prior 
to  fracture  is  indicated  by  a  crack  extension  ratio,  » 
2a/2a  0,.  In  some  cases,  where  data  exist  cover¬ 
ing  a  wide  range  of  thickness,  graphs  of  Kapp  ver¬ 
sus  thickness  are  presented. 

1.5  Types  of  Failures 

1.5.1  GENERAL. — In  the  following  discus¬ 
sion,  the  term  “failure”  will  usually  denote  actual 
fracture  of  the  member,  or  the  condition  of  the 
member  when  it  has  just  attained  its  maximum 
load. 

1.5.2  MATERIAL  FAILURES 

1.5. 2.1  General. — Fracture  of  a  metal  can  be 
very  complex  and  will  therefore  not  be  discussed 
thoroughly  herein.  Many  references  can  be  con¬ 
sulted  for  such  information.  It  should  be  noted, 
however,  that  fracture  can  occur  in  either  a  duc¬ 
tile  or  brittle  fashion,  in  the  same  material,  de¬ 
pending  on  the  state  of  stress  and  the  environ¬ 
ment.  Additionally,  metals  are  being  used  which 
have  higher  and  higher  strengths  and  this  has 
resulted  in  lower  ductility  prior  to  fracture.  Frac¬ 
ture  can  occur  after  elongation  of  the  metal  over  a 
relatively  large  uniform  length,  or  after  a  con¬ 
centrated  elongation  in  a  short  length.  Shear 
deformation  will  also  vary  depending  on  the 
metal  and  the  stress  state.  Because  of  these  varia¬ 
tions  in  magnitude  and  mode  of  deformation,  the 
ductility  of  a  metal  can  have  a  profound  effect  on 
the  ability  of  a  fabricated  part  to  withstand  ap¬ 


plied  loads.  Although  not  a  specific  design  prop¬ 
erty,  some  ductility  data  are  provided  for  each 
metal  to  assist  in  materials  selections.  Following 
paragraphs  discuss  the  relation  of  failure  to  ap¬ 
plied  or  induced  stresses. 

1.5. 2. 2  Direct  Tension  or  Compression. — This 
type  of  failure  is  associated  with  the  ultimate  ten: 
sile  or  compressive  stress  of  the  material.  For 
compression,  it  can  apply  only  to  members  having 
large  cross-sectional  dimensions  as  compared 
with  the  length  in  the  direction  of  the  load  (see 
also  Section  1.4. 5. 2). 

1. 5.2.3  Shear. — Pure  shear  failures  are  usually 
obtained  only  when  the  shear  load  is  transmitted 
over  a  very  short  length  of  the  member.  This  con¬ 
dition  is  approached  in  the  case  of  rivets  and 
bolts.  In  cases  where  the  ultimate  shear  stress  is 
relatively  low,  a  pure  shear  failure  may  result,  but 
in  general  a  member  subjected  to  a  shear  load 
fails  under  the  action  of  the  resulting  normal 
stress  (Equation  1 .3.3.3),  usually  the  compressive 
stress.  The  failure  of  a  tube  in  torsion,  for  in¬ 
stance,  is  not  usually  caused  by  exceeding  the 
allowable  shear  stress,  but  by  exceeding  a  certain 
allowable  normal  compressive  stress,  which 
causes  the  tube  to  buckle.  It  is  customary,  for  con¬ 
venience,  to  determine  the  allowable  stresses  for 
members  subjecte  1  to  shear  in  the  form  of  shear 
stresses.  Such  allowable  shear  stresses  are 
therefore  an  indirect  measure  of  the  stresses  ac¬ 
tually  causing  failure. 

1.5. 2.4  Bearing.—' The  failure  of  a  material  in 
bearing  may  consist  of  crushing,  splitting,  or 
progressive  rapid  yielding  in  the  region  where  the 
load  is  applied.  Failure  of  this  type  will  depend, 
to  a  large  extent,  on  the  relative  size  and  shape  of 
the  two  connecting  parts.  The  allowable  bearing 
stress  will  not  always  be  applicable  to  cases  in 
which  one  of  the  contacting  members  is  relatively 
thin.  It  is  also  necessary,  for  practical  reasons,  to 
limit  the  working  bearing  stress  to  low  values  in 
such  cases  as  joints  subjected  to  reversals  of  load 
or  in  bearings  between  movable  surfaces.  These 
special  cases  are  covered  by  specific  rulings  of  the 
procuring  or  certificating  agency,  involving  the 
use  of  higher  factors  of  safety  in  most  cases. 


•i 
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1.5.2. 5  Bending. — For  compact  sections  not 
subject  to  instability,  a  bending  failure  can  be 
classed  as  a  tensile  or  compressive  failure  caused 
by  exceeding  a  certain  allowable  stress  in  some 
portion  of  the  specimen.  It  is  customary  to  deter¬ 
mine,  experimentally,  the  “modulus  of  rupture  in 
bending”,  which  is  a  stress  derived  from  test 
results  through  the  use  of  Equation  1. 3.2.3,  in 
which  case  M  is  the  value  of  bending  moment 
which  caused  failure.  For  compact  sections  not 
subject  to  instability,  the  treatment  of  bending  in 
the  plastic  range  by  linear  analog  methods,  for  ex¬ 
ample,  Cozzone  (Reference  1.5. 2.5),  provides  a 
method  by  which  actual  bending  stresses  above 
the  material  proportional  limit  can  be  related  to 
the  “bending  modulus  of  rupture”.  From  simple 
bending  theory,  the  bending  modulus  of  rupture  is 
determined  by  Equation  1.3. 2. 3.  When  the 
modulus  of  rupture  is  less  than  or  equal  to  the 
proportional  limit,  it  represents  an  actual  stress. 
When  the  modulus  of  rupture  is  greater  than  the 
proportional  limit,  it  represents  an  apparent 
stress  which  cannot  be  considered  as  the  actual 
stress  at  the  point  of  rupture.  This  should  be 
borne  in  mind  in  dealing  with  combined  stresses 
such  as  bending  and  „cmpression  or  bending  and 
torsion. 

1.5. 2. 6  Failure  Due  to  Stress  Concentration. — 
The  static  strength  properties  listed  for  various 
materials  were  determined  on  machined  speci¬ 
mens  containing  no  notches,  holes,  or  other 
avoidable  stres.,  raisers.  In  the  design  of  aircraft 
structures,  such  simplicity  is  unattainable,  and 
stress  distributions  are  not  of  the  uniform  type  ob¬ 
tained  in  the  specimen  tests.  Consideration  must 
be  given  to  the  effect  of  stress  raisers  since  max¬ 
imum  stress  in  a  material  and  not  average  stress, 
is  the  critical  factor  in  design.  The  effects  of  stress 
raisers  vary,  and  references  to  available  specific 
data  are  given  in  the  sections  pertaining  to  each 
material. 

1.5.2.6.1  Failure  Due  to  Unintentional  Flaws. — 
As  stated  in  Section  1.4.12.1,  unintentional  flaws 
may  be  metallurgical  defects,  such  as  inclusions, 
voids,  seams,  weld  defects;  they  also  may  be  sur¬ 
face  defects  from  service,  such  as  corrosion  pits, 
stress  corrosion  cracks,  and  fatigue  cracks.  Some 
high-strength  materials  are  extremely  sensitive  to 
such  small  cracks  or  flaws,  and  their  use  has 


resulted  in  structural  failure.  In  this  context,  the 
word  "sensitive”  means  that  for  certain  of  the 
high-strength  materials  that  inadvertently  contain 
flaws,  failure  of  the  material  or  a  part  fabricated 
from  it  may  occur  at  gross  stress  levels  substan¬ 
tially  below  the  yield  strength.  Universal  agree¬ 
ment  on  a  design  accounting  for  this  type  of 
failure  still  is  evolving.  One  approach  involving 
plane-strain  fracture  toughness  data  has  led  to  the 
inclusion  of  such  data  in  certain  material  chap¬ 
ters.  Since  for  these  high-strength  materials  pre¬ 
mature  fracture  may  occur,  the  possibility  should 
be  considered  in  design.  The  “Aerospace  Struc¬ 
tural  Metals  Handbook”  (Reference  1. 5.2.6. 1) 
also  contains  fracture-toughness  data. 

1.5. 2. 7  Failure  Resulting  From  Fatigue. — 
Aircraft  structures  are  subjected  to  repeated 
loads.  It  is  well  known  that  the  strength  of  a 
material  under  such  repeated  loads  is  less  than  it 
would  be  under  static  loading.  This  phenomenon 
of  the  decreased  strength  of  a  material  under 
repeated  loading  is  commonly  called  fatigue. 
Stress  raisers,  such  as  abrupt  changes  in  cross  sec¬ 
tion,  holes,  notches,  and  reentrant  corners,  have  a 
much  greater  effect  on  the  fatigue  strength  than 
they  do  on  static  strength.  The  local  high  stress 
concentrations  caused  by  such  stress  raisers  are 
often  greatly  in  excess  of  the  nominal  calculated 
stress  on  the  part,  and  consequently  it  is  at  such 
locations  that  fatigue  fractures  usually  begin. 
Other  factors  of  major  importance  in  fatigue  are 
the  range  of  the  repeated  stress  cycle  (from  max¬ 
imum  to  minimum  stress),  and  the  mean  stress  in 
the  stress  cycle.  In  the  following  chapters  of  this 
document,  fatigue  data  are  presented  for  various 
materials  from  axial  load  fatigue  tests.  The  data 
are  average  or  typical  data  and  are  not  to  be  used 
as  allowable  stress  values  unless  their  ap¬ 
plicability  to  the  case  at  hand  has  been 
established. 

1. 5.2.8  Failure  From  Combined  Stresses. — In 
combined-stress  conditions  where  failure  is  not 
due  to  buckling  or  instability,  it  is  necessary  to 
refer  to  some  theory  of  failure.  The  "maximum 
shear”  theory  has  received  wide  acceptance  as  a 
simple  working  basis  in  the  case  of  isotropic  duc¬ 
tile  materials.  It  should  be  noted  that  this  theory 
interprets  failure  as  the  first  yielding  of  the 
materials,  so  that  any  extension  of  the  theory  to 


1-26 


cover  conditions  of  final  rupture  must  be  based 
on  the  experience  of  the  designer.  The  failure  of 
brittle  materials  under  combi*  ed  stresses  can 
generally  be  treated  by  the  “maximum  stress” 
theory.  Section  1.4.1 1  has  a  more  complete  dis¬ 
cussion  of  biaxial  behavior. 

1.5.3  INSTABILITY  FAILURES 

1.5. 3.1  General. — Practically  all  structural 
members  such  as  beams  and  columns,  particularly 
those  made  from  thin  material,  are  subject  to 
failure  through  instability.  In  general,  instability 
can  be  classed  as:  ( 1 )  primary  or  (2)  local.  For  ex¬ 
ample,  the  failure  of  a  tube  under  compression 
may  occur  either  through  lateral  deflection  of  the 
tube  as  a  column  (primary  instability)  or  by  col¬ 
lapse  of  the  tube  wall  at  a  stress  lower  than  that 
required  to  produce  a  general  column  failure. 
Similarly,  an  I-beam  or  other  shape  may  fail  by  a 
general  sidewise  deflection  of  the  compression 
flange,  by  local  wrinkling  of  thin  outstanding 
flanges,  or  by  torsional  instability.  It  is  obviously 
necessary  to  consider  all  types  of  failure,  unless  it 
is  apparent  that  the  critical  load  for  one  type  is 
definitely  less  than  that  for  the  other  type. 

Instability  failures  may  occur  in  either  the 
elastic  range  (below  the  proportional  limit)  or  in 
the  plastic  range  (above  the  proportional  limit). 
To  distinguish  between  these  two  types  of  action, 
it  is  not  uncommon  to  refer  to  them  as  “elastic  in¬ 
stability  failures”  and  “plastic  instability 
failures”,  respectively.  It  is  important  to  note  that 
instability  failures  arc  not  usually  associated  with 
the  ultimate  stresses  of  the  material.  This  should 
be  borne  in  mind  when  correcting  test  results  for 
material  variations.  This  point  also  has  a  bearing 
on  the  choice  of  a  material  for  a  given  type  of  con¬ 
struction,  as  the  “strength-weight  ratio”  will  be 
determined  from  different  physical  charac¬ 
teristics  when  this  type  of  failure  can  be  expected. 

A  method  of  determining  the  local  stability  of 
aluminum  alloy  column  sections  is  outlined  in 
Reference  1.7.1(b).  The  documents  cited  in 
Reference  1.7.1(b)  are  the  same  as  those  listed  in 
Chapter  3,  References  3.20.2.2.(a)  through  (e). 


1.5. 3. 2  Instability  Failures  Under  Compressive 
Loading. — Failures  of  this  type  are  discussed  in 
Section  1.6  (Columns). 

1.5. 3. 3  Bending  Instability  Failures. — Failures 
of  round  tubes  of  usual  size  when  subjected  to 
bending  are  usually  of  the  plastic-instability  type. 
In  such  cases,  the  criterion  of  strength  is  the 
modulus  of  rupture  (Equation  1. 3.2.3)  which  was 
derived  from  theory  and  checked  by  test.  Elastic- 
instability  failures  of  thin-walled  tubes  having 
high  DA  ratios  are  treated  in  later  sections. 

1.5. 3. 4  Torsionil  Instability  Failures. — The 
remarks  of  the  preceding  section  apply  in  a  simi¬ 
lar  manner  to  round  tubes  under  torsional  load¬ 
ing.  In  such  cases,  the  modulus  of  rupture  in  tor¬ 
sion  is  derived  through  the  use  of  Equation 
1. 3.2.6. 

1 .5.3.5  Failure  Under  Combined  Loadings. — For 
combined-loading  conditions  in  which  failure  is 
caused  by  buckling  or  instability,  no  general  theo¬ 
ry  exists  which  will  apply  in  all  cases.  It  is  conve¬ 
nient,  however,  to  represent  such  conditions  by 
the  use  of  "stress  ratios”,  which  can  be  considered 
as  non-dimensional  coefficients  denoting  the  frac¬ 
tion  of  the  allowable  stress  or  strength  which  is 
utilized  or  which  can  be  developed  under  special 
conditions.  For  simple  stresses,  the  stress  ratio 
can  be  expressed  as 

R  =  f/F,  (1.5.3.5(a)) 

where 

f  =  applied  stress 

F  =  allowable  stress. 

Note  that  the  "margin  of  safety”  as  usually  ex¬ 
pressed  is  given  by  the  equation 

M.S.  =  I/R-1.0.  (1.5.3.5(b)) 

Considering  the  case  of  combined  loadings,  the 
general  conditions  for  failure  can  be  expressed  by 
equations  of  the  following  type: 

R*+ R?+ R*+  ....=  1.0  (1.5.3.5(c)). 
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In  this  equation,  Rj,  R2  and  R3  may  denote,  for 
instance,  the  stress  ratios  for  compression,  bend¬ 
ing,  and  shear,  and  the  exponents,  x,  y,  z  define 
the  general  relationship  of  the  quantities.  This 
equation  may  be  interpreted  as  indicating  that 
failure  will  occur  only  when  the  sum  of  the  stress 
ratios  is  equal  or  greater  than  1 .0.  An  advantage 
of  this  method  is  that  the  formula  yields  correct 
results  when  only  one  loading  condition  is 
present.  Consequently,  it  tends  to  give  good 
results  when  any  one  loading  condition  predomi¬ 
nates.  It  also  permits  test  data  to  be  plotted  in 
nondimensional  form,  which  is  a  decided  advan¬ 
tage. 

In  many  cases,  it  is  convenient  to  deal  directly 
with  “load  ratios”,  rather  than  stress  ratios.  The 
load  ratio  is  simply  the  ratio  of  the  applied  load 
to  the  allowable  load  and  is  equal  to  the  corre¬ 
sponding  stress  ratio. 

Considering  only  two  loading  conditions,  such 
as  bending  and  torsion.  Equation  1.5.3.5(c)  can 
be  plotted  as  a  single  interaction  curve  of  Rb 
against  Rs.  Likewise,  in  the  case  of  combined 
bending  and  compression,  Rc  can  be  plotted 


against  Rb-  When  all  three  conditions  exist,  the 
equation  represents  an  interaction  surface,  which 
can  be  plotted  as  a  family  of  curves.  Typical 
curves  corresponding  to  various  exponents  are 
shown  in  Figure  1. 5.3.5.  The  general  significance 
of  Equation  1.5.3.5(c)  and  Figure  1. 5.3.5  is  that 
the  addition  of  a  second  loading  condition  will 
lower  the  percentage  of  the  allowable  stress  which 
may  be  utilized  in  the  original  loading  condition. 
If  the  exponents  approach  infinity,  the  curve  of 
Figure  1. 5.3.5  will  approach  the  lines  Rj  =  1.0 
and  R2  =  1 .0,  indicating  that  the  two  loading  con¬ 
ditions  have  no  effect  on  each  other. 

When  only  two  stress  ratios  are  involved  and 
when  the  two  different  applied  stresses  remain  in 
constant  proportion,  the  margin  of  safety  of  the 
member  may  be  determined  from  Figure  1.5.3. 5 
by  the  following  method: 

(a)  Locate  the  point  on  the  chart  representing 
the  applied  values  of  R 1  and  R2  computed 
from  the  applied  stresses  (illustrated  as 
point  1  on  Figure  1. 5.3.5). 

(b)  Draw  a  straight  line  through  this  point  and 
the  origin  (shown  as  a  diagonal  dotted  line 
on  Figure  1.5.3. 5). 


FIGURE  1.5. 3. 5.  Typical  interaction  curves  for  combined  loading  conditions.  *  Refer  to  Section  1.5. 3. 5  for 
analytical  margin  of  safety. 
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(c)  Extend  this  line  to  intersect  the  proper 
stress-ratio  curve  (corresponding  to  the 
condition  under  consideration)  at  point  2. 

(d)  Read  the  allowable  values  R|a  and  R2a  as 
the  ordinate  and  abscissa,  respectively,  of 
point  2. 

(e)  The  factor  of  utilization  or  strength  ratio  is 
obtained  as  the  ratio  of  the  applied  to  the 
allowable  value  of  either  stress  ratio,  as 
follows: 

U  =  R|/R|j  =  Rj/Ria  .  (1.5.3.5(d)) 
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(0  The  true  margin  of  safety,  then,  can  be  com¬ 
puted  from  the  following  equation: 

M.S.  =1-1.  (1.5.3.5(e)) 

Note  that,  when  the  following  stress-ratio  ex¬ 
pressions  are  used,  the  margins  of  safety  can  be 
computed  as  indicated: 

For  R,  +  R,  =  1 


The  practical  application  of  Equation  1.5.3.5(c) 
is  shown  in  the  following  examples. 

1. 5.3.5. 1  Round  Tubes  in  Bending  and  Com¬ 
pression. — The  general  theory  of  failure  under 
combined  loadings  is  given  in  Section  1. 5.3.5.  In 
the  case  of  combined  bending  and  compression,  it 
is  necessary  to  consider  the  effects  of  secondary 
bending,  that  is,  bending  produced  by  the  axial 
load  acting  in  conjunction  with  the  lateral  deflec¬ 
tion  of  the  column.  In  general.  Equation 
1.5.3.5(c)  can  be  used  in  the  following  form  for 
safe  values: 


For  R,J  +  R22  =  1 


M.S. 


*b  4-  *c  -  I 

Tb  +  Te~  '■ 


M.S.  = 


Rb  +  Rc 


1 


Other  M.S.  formulas  can  be  determined,  of 
course,  for  the  more  complicated  stress-ratio  ex¬ 
pressions. 

The  general  formula  for  the  margin  of  safety 
stated  analytically  for  interaction  equations 
where  any  or  all  of  x,  y,  and  z  are  1  or  2  but  no 
other  figure  (except  one  term  may  be  missing)  is 
as  follows: 


[R'  +  +  4(R")3] 

Here,  the  R’  designates  the  sum  of  all  first- 
power  ratios,  (R’)s  is  the  square  of  the  same  sum, 
and  (R”)J  the  sum  of  the  squares  of  all  second- 
power  ratios.  The  following  tabulation  gives  all 
combinations: 


where 

fb  =  maximum  bending  stress,  including 
effects  of  secondary  bending 

Fb=  bending  modulus  of  rupture 

fc  =  axial  compressive  stress 

Fc  =  allowable  compressive  stress. 

In  no  case  shall  the  axial  compressive  stress,  fc, 
exceed  the  allowable,  Fc,  for  a  simple  column. 

1.5.3.5.2  Tubes  in  Bending  and  Torsion. — Equa¬ 
tion  1.5.3.5(c)  can  be  used  in  the  following  forms 
for  safe  values: 
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Round  tubes' R|, 5  +  R>*  =1.0. 


Streamline  tubes.  R|,  +  RN=  1.0. 


M.S. 


1 

Rh+  Rs 


-1 


where 


fs  =  shear  stress 

FSi  =  torsional  modulus  of  rupture. 


Higher  values  can  be  used  if  substantiated  by  ade¬ 
quate  test  data. 


1.5. 3. 5. 3  Tubes  in  Bending,  Compression,  and 
Torsion. — The  bending  stresses  should  include  the 
effects  of  secondary  bending  due  to  compression. 
The  following  empirical  equation  will  serve  as  a 
working  basis,  pending  a  more  thorough  in¬ 
vestigation  of  the  subject. 


M.S. 


K  +  V(Rb  f  +  (Rs  r 


1.6.2  PRIMARY  INSTABILITY 
FAILURES 

1. 6.2.1  Genetjl. — A  column  may  fail  through 
primary  instability  by  bending  laterally  (stable 
sections)  or  by  twisting  about  some  axis  parallel 
to  its  own  axis.  This  latter  type  of  primary  failure 
is  particularly  common  to  columns  having  un- 
symmetrical  open  sections.  The  twisting  failure  of 
a  closed-section  column  is  precluded  by  its  in¬ 
herently  high  torsional  rigidity.  Since  the  infor¬ 
mation  available  on  twisting  instability  is  some¬ 
what  limited,  it  may  be  advisable  to  conduct  tests 
on  all  columns  subject  to  this  type  of  failure. 

1. 6.2.2  Columns  with  Stable  Sections. — The 
tangent  modulus  formula  for  columns  which  fail 
by  lateral  bending  is  given  by  Equation  1.3.8.  No 
explanation  of  this  formula  need  be  offered,  as  its 
derivation  can  be  found  in  many  standard  text¬ 
books  on  the  strength  of  materials.  The  value  to 
be  used  for  the  restraint  coefficient,  c,  depends 
upon  the  degree  of  er.d  fixity. 

The  true  significance  of  the  restraint  coefficient 
is  best  understood  by  considering  the  end 
restraint  as  modifying  the  effective  column 
length,  as  indicated  by  Equation  1.3.8.  For  a  pin- 
ended  column  having  zero  end  restraint,  c  =  1.0 
and  rJ  =  L.  A  fixity  coefficient  of  2  corresponds 
to  a  reduction  of  the  effective  length  to  1A/2  or 
0.707  times  the  total  length. 


In  no  case  shall  the  axial  compressive  stress,  fc, 
exceed  the  allowable  stress,  Fc,  for  a  simple  col¬ 
umn. 


The  tangent  modulus  Equation  1.3.8  takes  into 
account  the  plasticity  of  the  material  and  is  valid 
if  the  following  conditions  arc  met: 


1.6  Columns 

1.6.1  GENERAL. — A  theoretical  treatment  of 
columns  can  be  found  in  standard  textbooks  on 
the  strength  of  materials.  The  problems  confront¬ 
ing  the  designer,  however,  include  many  points 
which  arc  not  well  defined  by  theory  and  which 
frequently  cause  some  confusion.  These  will  be 
taken  up  in  this  Section.  Actual  strengths  of  col¬ 
umns  of  various  types  arc  given  in  subsequent 
chapters. 


(a)  The  column  adjusts  itself  to  forcible  short¬ 
ening  only  by  bending  and  not  by  twisting. 

(b)  No  buckling  of  any  portion  of  the  cross  sec¬ 
tion  has  occurred. 

(c)  Load  is  concentric  with  the  longitudinal 
axis  of  the  unloaded  column. 

(d)  The  cross  section  of  the  column  docs  not 
vary  along  the  column  length. 
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The  value  of  the  tangent  modulus  E,  at  any 
given  compressive  stress  Fc  can  be  determined 
from  stress  strain  curves  for  the  material.  Figure 

1. 6.2.2  illustrates  the  use  of  this  equation.  For  ex¬ 
ample,  assume  an  L'lp  of  22.2,  and  computing 
tt2/(L 'Ip  Y  gives  a  value  of  0.02,  which  also 
equals  Fc/Et.  Plot  the  line  Fc/Et=0.02  on  the 
tangent  modulus  curve.  The  point  of  intersection 
gives  a  value  of  60  ksi  for  Fcand  3  x  1  O'*  psi  for  Et. 


FIGURE  1. 6.2.2  Relation  of  tt'KL'lp  )*  to  tangent 
modulus. 

1. 6.2.3  Column  Yield  Stress  (Fm).— The  upper 
limit  of  the  allowable  column  stress  for  primary 
failure,  designated  Fee  may  be  obtained  when  not 
available  elsewhere,  from  the  tangent  modulus 
Equation  1.3.8  for  columns  including  those  hav¬ 
ing  geometrical  proportions  for  low  values  of 
L 'Ip  ,  with  the  restriction  that  Fco  shall  not  ex¬ 
ceed  Fcu>  the  material  ultimate  compressive 
stress.  As  discussed  in  1. 4.5.2.  it  is  common  prac¬ 
tice  to  assume  for  wrought  metals  that  the 
material  ultimate  compressive  stress  FCo  is  equal 
to  the  ultimate  tensile  stress. 

1.6. 2.4  Other  Considerations. — Methods  of 
analysis  are  available  by  which  column  failing 
stresses  can  be  computed  taking  into  account 
various  fixities,  torsional  instability,  load  ec¬ 
centricity,  combined  lateral  loads,  or  varying  col¬ 
umn  sections.  References  1.6.2.4(b),  (c),  and  (d) 
present  such  methods. 

1.6.3  LOCAL  INSTABILITY  FAILURE 

1.6  3. 1  General. — Columns  may  fail  by  a  local 
collapse  of  the  wall  at  a  stress  below  the  primary 
failure  stress.  The  buckling  analysis  of  a  column 


subject  to  local  instability  requires  taking  into 
account  the  shape  of  the  column  cross  section 
and  may  be  quite  complex.  Loral  buckling,  which 
may  combine  with  primary  buckling,  leads  to  an 
instability  failure  commonly  termed  crippling. 

1. 6.3.2  Crushing  or  Crippling  Stress  (F„). — The 
upper  limit  of  the  allowable  column  stress  for 
local  failure  is  called  the  crushing  or  crippling 
stress  and  is  designated  Fcc.  The  crushing  or  crip¬ 
pling  stresses  of  round  tubes  have  been  investi¬ 
gated  frequently  and  considerable  useful  data  ex¬ 
ist.  Fewer  data  are  available  for  stresses  of  col¬ 
umns  having  other  section  configurations,  and 
testing  may  be  required  to  establish  the  curve  of 
transition  from  local  to  primary  failure. 

1.6.4  CORRECTION  OF  COLUMN  TEST 
RESULTS 

1. 6.4.1  General. — In  the  case  of  columns  hav¬ 
ing  unconventional  cross  sections  which  are  par¬ 
ticularly  subject  to  local  instability,  it  is  necessary 
to  establish  the  curve  of  transition  from  local  to 
primary  failure.  In  determining  the  strength 
curves  for  such  columns,  sufficient  tests  should  be 
made  to  cover  the  following  points. 

1. 6.4.2  Nature  of  "Short-Column  Curve". — The 
test  specimens  should  cover  a  range  of  L'lp 
which  will  extend  to  the  Euler  range,  or  at  least 
well  beyond  the  values  to  be  used  in  construction. 
When  columns  arc  to  be  attached  eccentrically  in 
the  structure,  some  tests  should  be  made  to  deter¬ 
mine  the  effects  of  eccentricity.  This  is  important 
particularly  in  the  case  of  open  sections,  as  the 
allowable  loads  may  be  affected  considerably  by 
the  location  of  the  point  of  application  of  the  col¬ 
umn  load. 

1 .6.4.3  Locai  Failure. — When  local  failure  oc¬ 
curs.  the  crushing  or  crippling  stress.  Fcc,  can  be 
determined  by  extending  the  "short-column" 
curve  for  the  specific  cross  section  under  con¬ 
sideration  to  a  point  corresponding  to  zero  L '  b  . 
When  a  family  of  columns  of  the  same  general 
cross  section  is  used,  it  is  often  possible  to  deter¬ 
mine  a  relationship  between  Fcc  and  some  factor 
depending  on  the  wall  thickness,  width,  diameter, 
or  some  combination  of  these  dimensions.  Ex¬ 
trapolations  of  such  data  should  be  avoided  by 
covering  an  adequate  range  in  the  tests. 
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1. 6.4.4.  Reduction  of  Test  Results  on  Aluminum 
and  Magnesium  Alloys  to  Standard. — The  use  of 
the  correction  factors  given  in  Figures  1.6.4.4(a) 
through  (j)  is  considered  satisfactory  and  is  ac¬ 
ceptable  to  the  Air  Force,  Navy,  Army,  and  the 
Federal  Aviation  Administration  for  use  in  con¬ 
nection  with  tests  on  aluminum  and  magnesium 
alloys.  (Note  that  an  alternate  method  is  given  in 
Section  1 .6.4.5.)  In  using  Figures  1.6.4.4(a) 
through  (j),  the  correction  of  the  test  results  to 
standard  is  made  by  multiplying  the  stress 
developed  in  a  test  of  a  column  specimen  by  the 
factor  K.  This  factor  may  be  considered  applica¬ 
ble  regardless  of  the  type  of  failure  involved  (i.e., 
column  crushing  or  twisting).  In  Figures 
1.6.4.4(a)  through  (j),  fc  is  the  maximum  test  col¬ 
umn  stress  of  the  test  column  material,  and  Fey  is 
the  compressive  yield  stress  as  given  in  the 
mechanical  and  physical -property  tables  for  the 
individual  alloys. 

Acceptable  methods  for  obtaining  compressive 
yield  strengths  for  use  in  determining  values  of  K 
from  Figures  1.6.4.4(a)  through  (j)  are  as  follows: 

(a)  Direct  compressive  stress-strain  measure¬ 
ments  of  the  material  of  which  the  test  col¬ 
umn  is  made  in  the  direction  of  loading  of 
the  test  column. 


(b)  If  Method  (a)  is  not  feasible,  the  com¬ 
pressive  stress  desired  may  be  obtained 


FIGURE  1.6.4.4(a).  Nondimensional  material  cor¬ 
rection  chart  for  2024-T3 
sheet. 


from  the  tensile  yield  stress  as  follows: 
Determine  the  tensile  yield  stress  of  the 
column  test  specimen  materials  by  direct 
tensile  stress-strain  measurements  in  a 
direction  parallel  to  the  test-column 
length.  Compute  the  compressive  yield 
stress  along  the  length  of  the  test  column 
by  multiplying  the  tensile  yield  strength 
by  the  proper  ratio  of  the  design 
allowable  compressive  yield  strength  to 
the  design  allowable  tensile  yield 
strength;  the  ratio  chosen  should  ac¬ 
count  for  the  grain  direction  of  the  test 
column.  In  case  the  compression  test 
column  is  manufactured  indiscriminate¬ 
ly  with  respect  to  material  grain,  the  ten¬ 
sile  test  specimen  should  be  made  with 
the  grain  parallel  to  its  length  and  the 
with-the-grain  ratio  of  the  design 
allowable  compressive  yield  to  design 
allowable  tensile  yield  strength  for  the 
material  should  be  used. 

(c)  If  neither  Method  (a)  nor  Method  Co)  is 
feasible  or  applicable,  it  should  be 
assumed  that  the  compressive  yield  of  the 
column  test  specimen  parallel  to  its  length 
is  15  percent  greater  than  the  minimum 
established  design  allowable  yield 
strength  for  the  material  in  the  column  test 
specimen. 


FIGURE  1. 6.4.4. (b).  Nondimensional  material  cor¬ 
rection  chan  for  clad  2024-T3 
sheet. 
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FIGURE  1.6.4.4(c).  Nondimensionai  material  cor¬ 
rection  char:  for  2024-T4  ex¬ 
trusions  less  than  1/4  inch 


FIGURE  1.6.4.4(e).  S'ondimensional  material  cor 
rection  chart  for  2024-T3  tub 
ing. 
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FIGURE  1.6.4.4(d).  Nondimensional  material  cor¬ 
rection  chart  for  2024-T4  ex¬ 
trusions  1/4  to  1-1/2  inches 


FIGURE  1.6.4.4(f).  Nondimensional  material  cor¬ 
rection  chart  for  clad  2014-T3 
sheet. 
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FIGURE  1.6.4.4(g).  Nondimensional  material  cor¬ 
rection  chart  for  clad  7075-  T6 
sheet. 


FIGURE  i.6.4.4(i).  Nondimensional  material  cor¬ 
rection  chart  for  AZ80A-T5 
open  extrusions. 
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FIGURE  1.6.4.4(h).  Nond.mensional  material  cor¬ 
rection  chart  for  AZ31B-F, 
AZ6IA-F,  or  AZ80A-F  open 
extrusions. 


FIGURE  1.6.4.4(j).  Nondimensional  material  cor¬ 
rection  chan  for  AZ31B-H24 
sheet. 


1.6. 4. 5  Reduction  of  Test  Results  to  Standard — 
Alternate  Method. — For  materials  which  arc  not 
covered  by  Figures  1.6.4.4(a)  through  (j).  the 
following  method  may  be  used  to  reduce  test 
results  to  standard.  This  method  is  acceptable  to 
the  Air  Force,  Navy,  Army,  and  the  Federal 
Aviation  Administration. 

(a)  Determine  Fcy,  E,  n,  and  Fcy.  Fcy  may  be 
determined  by  one  of  the  methods  out¬ 
lined  in  paragraphs  1.6.4.4(a),  (b),  and 

(c). 

(b)  Plot  a  curve  of  Fc  versus  Fc/Ft  for  the 
standard  material.* 

(c)  Compute  FC7E,’  for  the  test  data.* 

(d)  Read  the  corrected  Fc  from  the  curve  of 
Fc  versus  Fc/F,  for  the  computed  Fc7Et\ 

F_  f  ’ 

'The  ratios, ^ and  =r-,  can  be  developed  using 
fct  tt 

the  “Method  of  Strains”,  as  follows: 

For  the  standard  material 

F  F 

=ee+  nep=  ■  +  nep  . 


For  the  test  data 


The  plastic  strain  cpcan  be  evaluated  from  a  plot 
on  log  paper  of  Fc  versus  ep  for  the  standard 
material.  For  the  standard  material  Fcy  and  n  are 
known;  therefore,  the  stress  at  a  plastic  strain  of 
0.002  in./in.  is  known  and  a  line  with  a  slope,  n, 
can  be  drawn  through  this  point  at  F  -  Fcy  and  ep 
=  0.002  in. /in.  The  plastic  strain  curve  for  the  test 
material  is  parallel  to  that  for  the  standard 
material  and  passes  through  the  point  F  =  Fcy’ 
and  ep’  =  0.002  in./in.  Values  of  ep’  correspond¬ 
ing  to  Fc’  can  be  read  and  Fc7Et’  computed. 

This  method  is  applicable  at  elevated  tem¬ 
peratures  provided  Young’s  moduli  of  the  test 


material  and  the  standard  material  arc  equal  in 
the  elastic  range  at  the  elevated  temperature. 

Modification  of  the  procedure  is  necessary 
when  the  test  column  or  panel  is  made  of  two 
different  materials. 

1.7  Thin-Walled  and  Stiffened  Thin-Walled 
Sections 

1.7.1  GENERAL. — A  bibliography  of  infor¬ 
mation  on  thin-walled  and  stiffened  thin-walled 
sections  are  contained  in  References  1.7.1(a)  and 
(b). 
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Chapter  2 
STEEL 


This  chapter  contains  the  engineering  proper¬ 
ties  and  related  characteristics  of  wrought  steels 
used  in  aircraft  and  missile  structural  applica¬ 
tions.  Genera!  comments  on  engineering  proper¬ 
ties  and  other  considerations  related  to  alloy 
selection  are  presented  in  Section  2.1.  Mechanical 
and  physical  property  data  and  characteristics 
pertinent  to  specific  steel  groups  or  individual 
steels  are  reported  in  Section  2.2  through  2.7. 
Element  properties  are  presented  in  Section  2.8. 

2.1  General 

The  selection  of  the  proper  grade  of  steel  for  a 
specific  application  is  based  on  material  proper¬ 
ties  and  on  manufacturing,  environmental,  and 
economic  considerations.  Some  of  these  con¬ 
siderations  are  outlined  in  the  sections  that 
follow. 

2.1.1  ALLOY  INDEX.— The  steel  alloys 
listed  in  this  chapter  are  arranged  in  major  sec¬ 
tions  that  identify  broad  classifications  of  steel 
partly  associated  with  major  alloying  elements, 
partly  associated  with  processing,  and  consistent 
generally  with  steel-making  technology.  Specific 
alloys  are  identified  with  most  of  these  major  sec¬ 
tions  as  shown  in  Table  2.1.1: 


T ABLE  2.1.1.  Steel  A  Hoy  Index 


Section 

Alloy  Designation 

2.2 

Carbon  steels 

2.2.1 

A1SI  1025 

2.3 

Low-alloy  steels  (AISI  and 
proprietary  grades) 

2.3.1 

Specific  alloys 

2.4 

Intermediate  alloy  steels 

2.4.1 

5Cr-Mo-V 

2.4.2 

9Ni-4Co-.20C 

2.4.3 

9Ni-4Co-.30C 

2.5 

High  alloy  steels 

2.5.1 

18Ni  Maraging  steels 

2.6 

Precipitation  and  transformation 
hardening  steels  (stainless) 

2.6.1 

AM-350 

2.6.2 

AM-355 

2.6.3 

Custom  450 

2.6.4 

Custom  455 

2.6.5 

PH13-8MO 

2.6.6 

PH14-8MO 

2.6.7 

15-5PH 

2.6.8 

PH15-7MO 

2.6.9 

17-4PH 

2.6.10 

17-7PH 

2.7 

Austenitic  stainless  steels 

2.7.1 

A1S1  Type  301 

2.1.2  MATERIAL  PROPERTIES.— One  of 
the  major  factors  contributing  to  the  general 
utility  of  steels  is  the  wide  range  of  mechanical 
properties  they  are  capable  of  attaining.  For  ex¬ 
ample,  softness  and  good  ductility  may  be  re¬ 
quired  during  fabrication  of  a  part  and  very  high 
strength  during  its  service  life.  Both  sets  of  prop¬ 
erties  are  obtainable  in  the  same  material. 

All  steels  can  be  softened  to  a  greater  or  lesser 
degree  by  annealing,  depending  on  the  chemical 
composition  of  the  specific  steel.  Annealing  is 
achieved  by  heating  the  steel  to  an  appropriate 
temperature,  holding,  then  cooling  it  at  the  prop¬ 
er  rate. 

Likewise,  steels  can  be  hardened  or 
strengthened  by  means  of  cold  working,  heat 
treating,  or  a  combination  of  these. 

Cold  working  is  the  method  used  to  strengthen 
both  the  low-carbon  unalloyed  steels  and  the 
highly  alloyed  austenitic  stainless  steels.  Only- 
moderately  high  strength  levels  can  be  attained  in 
the  former,  but  the  latter  can  be  cold  rolled  to 
quite  high  strength  levels,  or  “tempers”.  These  are 
commonly  supplied  to  specified  minimum 
strength  levels. 

Heat  treating  is  the  principal  method  for 
strengthening  the  remainder  of  the  steels  (the  low- 
carbon  steels  and  the  austenitic  steels  cannot  be 
strengthened  by  heat  treatment).  The  heat  treat¬ 
ment  of  steel  may  be  of  three  types,  martensitic 
hardening,  age  hardening,,  and  austempering. 
Carbon  and  alloy  steels  are  martensitic-hardened 
by  heating  them  to  a  high  temperature,  or 
“austenitizing”,  then  cooling  at  a  recommended 
rate,  often  by  quenching  in  oil  or  water.  This  is 
followed  by  “tempering”,  which  consists  of 
reheating  to  an  intermediate  temperature  to 
relieve  internal  stresses  and  to  improve  tough¬ 
ness. 
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The  maximum  hardness  of  steels  quenched  appropriate  specifications  covering  the  product 

rapidly  to  avoid  the  nose  of  the  isothermal  indicated.  The  other  strength  properties,  Fc FiU, 

transformation  curve  is  a  function  in  general  of  Ft,m,  and  F^  are  “derived"  values,  established  as 

the  alloy  content,  and  is  particularly  a  function  of  described  in  Section  9.2.9.  The  variations  in 

carbon  content.  Both  the  maximum  thickness  for  strength  properties  with  temperature  are 

complete  hardening  or  the  depth  to  which  an  presented  graphically  as  percentages  of  the  corre- 

alloy  will  harden  under  specific  cooling  condi-  sponding  room-temperature  strength  property, 

tions,  and  the  distribution  of  hardness  can  be  used  also  as  described  in  Section  9.3.1  and  associated 

as  a  measure  of  a  material’s  hardenability.  subsections.  These  strength  properties  may  be 

reduced  appreciably  by  prolonged  exposure  at 
A  relatively  new  class  of  steels  is  strengthened  elevated  temperatures, 
by  age  hardening.  This  heat  treatment  is  designed 

to  dissolve  certain  constituents  in  the  steel,  then  The  strength  of  steels  is  temperature-depen- 

precipitate  them  in  some  preferred  particle  size  dent,  decreasing  with  increasing  temperature  In 

and  distribution.  Since  both  the  martensitic-hard-  addition,  steels  are  strain  rate-sensitive  above 

ening  and  the  age-hardening  treatments  are  about  589  to  700K, particularly  at  temperatures 

relatively  complex,  specific  details  are  presented  at  which  creep  occurs.  At  lower  strain  rates,  both 

for  individual  steels  elsewhere  in  this  chapter.  yield  and  ultimate  strengths  decrease. 

Recently,  special  combinations  of  working  and  The  modulus  of  elasticity  is  also  temperature- 

heat  treating  have  been  employed  to  further  dependent  and,  when  measured  by  the  slope  of  the 

enhance  the  mechanical  properties  of  certain  stress-strain  curve,  it  appears  to  be  strain  rate- 

steels.  At  the  present  time,  the  use  of  these  sensitive  at  elevated  temperatures  because  of 

specialized  treatments  is  not  widespread.  creep  during  loading.  However,  on  loading  or 

unloading  at  high  rates  of  strain,  the  modulus  ap- 
Another  method  of  heat  treatment  for  steels  is  proaches  the  value  measured  by  dynamic  tech- 
austempering.  In  this  process,  ferrous  steels  are  niques. 
austenitized,  quenched  rapidly  to  avoid  transfor¬ 
mation  of  the  austenite  to  a  temperature  below  the  Steel  bars,  billets,  forgings,  and  thick  plates, 

pearlite  and  above  the  martensite  formation  especially  when  heat-treated  to  high  strength 

ranges,  allowed  to  transform  isothermally  at  that  levels,  exhibit  variations  in  mechanical  properties 

temperature  to  a  completely  bainitic  structure,  with  location  and  direction.  In  particular,  elonga- 

and  finally  cooled  to  room  temperature.  The  pur-  tion,  reduction  of  area,  toughness,  and  notched 

pose  of  austempering  is  to  obtain  increased  due-  strength  are  likely  to  be  lower  in  cither  of  the 

tility  or  notch  toughness  at  high  hardness  levels,  transverse  directions  than  in  the  longitudinal 

or  to  decrease  the  likelihood  of  cracking  and  dis-  direction.  This  lower  ductility  and/or  toughness 

tortion  that  might  occur  in  conventional  quench-  results  both  from  the  fibering  caused  by  the  metal 

ing  and  tempering.  flow  and  from  nonmetallic  inclusions  which  tend 

to  be  aligned  with  the  direction  of  primary  flow. 

2. 1.2.1  Mechanical  Properties  Such  anisotropy  is  independent  of  the  depth-of- 

hardening  considerations  discussed  elsewhere.  It 
2.1. 2.1.1  Strength  (Tension,  Compression,  Shear,  can  be  minimized  by  careful  control  of  melting 

Bearing). — The  strength  properties  presented  are  practices  (including  degassing  and  vacuum-arc 

those  used  in  structural  design.  For  easy  remelting)  and  of  hot-working  practices.  In  ap- 

reference,  the  room-temperature  properties  are  plications  where  transverse  properties  are  criti- 

shown  in  tables  following  the  comments  for  in-  cal,  requirements  should  be  discussed  with  the 

dividual  steels.  The  room-temperature  properties  steel  supplier  and  properties  in  critical  locations 

F,u  and  F,y  are  minimum  values  contained  in  the  should  be  substantiated  by  appropriate  testing. 
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2. 1.2. 1.2  Ductility. — "Inc  measure  of  ductility 
for  alloys  contained  in  Chapter  2  is  elongation 
under  tension  in  a  51  mm  or  4D  gage  length,  ex¬ 
cept  where  otherwise  'lOted.  These  data  are 
presented  for  various  sheet  thicknesses  when  it  is 
known  that  sheet  thickness  affects  elongation.  The 
elongation  values  presented  in  this  chapter  apply 
in  both  the  longitudinal  and  transverse  directions, 
unless  otherwise  noted.  Elongation  in  the  short 
transverse  (thickness)  direction  may  be  lower 
then  the  values  shown. 

It  is  well  recognized  that  tensile  elongation  is 
an  inadequate  measure  of  ductility.  Reduction  in 
area  offers  more  useful  information  for  some  ap¬ 
plications,  but  it  is  difficult  to  use  with  sheet 
materials.  Various  bend,  cup,  and  bulge  tests  are 
also  used  to  predict  the  ability  of  a  sheet  material 
to  withstand  specific  forming  operations.  These 
data  are  sometimes  useful  in  the  selection  of 
materials  but  are  not  considered  appropriate  for 
inclusion  in  this  document. 

2. 1.2. 1.3  Fracture  Toughness. — Steels  (as  well 
as  certain  other  metals)  when  processed  to  obtain 
high  strength,  or  when  tempered  or  aged  within 
certain  critical  temperature  ranges  may  become 
more  sensitive  to  the  presence  of  small  flaws. 
Thus,  as  discussed  in  Section  1.4.12,  the  useful¬ 
ness  of  high-strength  steels  for  certain  applica¬ 
tions  is  largely  dependent  on  their  toughness.  It  is 
generally  noted  that  the  fracture  toughness  of  a 
given  alloy  product  decreases  relative  to  in¬ 
creases  in  the  yield  strength.  The  designer  is  cau¬ 
tioned  that  the  propensity  for  brittle  fracture  must 
be  considered  in  the  application  of  high-strength 
alloys  for  the  purpose  of  increased  structural  effi¬ 
ciency. 

Typical  values  of  plane-strain  fracture  tough¬ 
ness  for  several  steel  alloys  are  presented  in  Table 
2. 1.2. 1.3. 

These  values  are  presented  as  indicative  infor¬ 
mation  and  do  not  have  the  statistical  reliability 
of  room  temperature  mechanical  properties. 
Effect  of  temperature  data  are  presented  in  the 
respective  alloy  sections  where  the  information  is 
available. 

2  12.14  Stress-Strain  Relationships. — The 
stress-strain  relationships  presented  in  this 
chapter  are  prepared  as  described  in  Section 
9.3.2. 


2.1. 2.1. 5  Creep. — Generally  the  well-substanti¬ 
ated  creep  data  for  steels  have  not  been  suitable 
for  MIL-HDBK-5,  since  they  cover  longer  times 
or  higher  deformations  than  those  used  in  current 
airframe  design.  As  data  of  the  desired  type 
become  available  they  will  be  included  as 
described  in  Sections  9. 3. 5.4  and  9.3.5. 5. 

2.1. 2.1. 6  Fatigue. — Axial-load  fatigue  data  on 
unnotchcd  and  notched  specimens  of  various 
steels  at  room  temperature  and  at  other  tem¬ 
peratures  are  shown  as  S-N  curves  or  as  constant- 
life  diagrams  as  described  in  Sections  9.3. 4.4 
through  Section  9.3.4. 7  in  the  appropriate  alloy 
section.  Surface  finish,  surface  finishing  pro¬ 
cedures,  metallurgical  effects  from  heat  treat¬ 
ment,  environment  and  other  factors  influence 
fatigue  behavior.  Specific  information  on  these 
effects,  when  documented,  are  summarized  in  the 
individual  alloy  sections. 

2. 1 .2.2  Physical  Properties. — The  physical  prop¬ 
erties  (w,  C.  K.  and  o)  of  the  steels  in  this  chapter 
may  be  considered  to  apply  to  all  forms  and  heat 
treatments  unless  otherwise  indicated. 

2.1.3  ENVIRONMENTAL  CONSIDERA¬ 
TION'S. — The  effects  of  exposure  to  environ¬ 
ments  such  as  stress,  temperature,  atmosphere, 
and  corrosive  media  are  reported  for  various 
steels.  Fracture  toughness  of  high-strength  steels 
and  the  growth  of  cracks  by  fatigue  may  be  detri¬ 
mentally  influenced  by  humid  air  and  by  the 
presence  of  water  or  saline  solutions.  Some  alle¬ 
viation  may  be  achieved  by  heat  treatment  and  all 
high-strength  steels  are  not  similarly  affected. 

In  general,  these  comments  apply  to  steels  in 
their  usual  finished  surface  condition,  without 
surface  protection.  It  should  be  noted  that  there 
are  available  a  number  of  heat-resistant  paints, 
platings,  and  other  surface  coatings  that  are 
employed  either  to  improve  oxidation  resistance 
at  elevated  temperatures  or  to  afford  protection 
against  corrosion  by  specific  media.  In  employing 
electrolytic  platings,  special  consideration  should 
be  given  to  the  removal  of  hydrogen  by  suitable 
baking.  Failure  to  do  so  may  result  in  lowered 
fracture  toughness  or  embrittlement. 


2.2  Carbon  Sleds 


2.2.0  COMMENTS  ON  CARBON  STEELS 

2.2 .0.1  Metallurgical  Considerations. — Carbon 
steels  arc  those  steels  containing  carbon  up  to 
about  1  percent  and  only  residual  quantities  of 
other  elements  except  those  added  for  deoxida¬ 
tion. 

The  strength  that  carbon  steels  arc  capable  of 
achieving  is  determined  by  carbon  content  and,  to 
a  much  lesser  extent,  by  the  content  of  the 
residual  elements.  Through  cold  working  or 
proper  choice  of  heat  treatments,  these  steels  can 
be  made  to  exhibit  a  wide  range  of  strength  prop¬ 
erties. 

The  finish  conditions  most  generally  specified 
for  carbon  steels  include  hot -rolled,  cold-rolled, 
cold-drawn,  normalized,  annealed,  spheroidized, 
stress-relieved,  and  quenched-and-tempered.  In 
addition,  the  low-carbon  grades  (up  to  0.25  per¬ 
cent  C)  may  be  carburized  to  obtain  high  surface 
hardness  and  wear  resistance  with  a  tough  core. 
Likewise,  the  higher  carbon  grades  are  amenable 
to  selective  flame  hardening  to  obtain  desired 
combinations  of  properties. 


2. 2. 0.2  Manufacturing  Considerations 

Forging. — All  of  the  carbon  steels  exhibit  ex¬ 
cellent  forgeability  in  the  austenitic  state  pro¬ 
vided  the  proper  forging  temperatures  are  used. 
As  the  carbon  content  is  increased,  the  maximum 
forging  temperature  is  decreased.  At  high  tem¬ 
peratures,  these  steels  are  soft  and  ductile  and  ex¬ 
hibit  little  or  no  tendency  to  work  harden.  The 
resulfurized  grades  (free-machining  steels)  ex¬ 
hibit  a  tendency  to  rupture  when  deformed  in  cer¬ 
tain  high-temperature  ranges.  Close  control  of 
forging  temperatures  is  required. 

Cold  Forming. — The  very  low-carbon  grades 
have  excellent  cold-forming  characteristics  when 
in  the  annealed  or  normalized  conditions. 
Medium-carbon  grades  show  progressively 
poorer  formability  with  higher  carbon  content, 
and  more  frequent  annealing  is  required.  The 


high-carbon  grades  require  special  softening 
treatments  for  cold  forming.  Many  carbon  steels 
are  embrittled  by  warm  working  or  prolonged  ex¬ 
posure  in  the  temperature  range  from  422  to 
644  K. 

Machining. — The  low-carbon  grades  (0.30  per¬ 
cent  C  and  less)  are  soft  and  gummy  in  the  an¬ 
nealed  condition  and  are  preferably  machined  in 
the  cold-worked  or  the  normalized  condition. 
Medium-carbon  (0.30  to  0.50  percent  C)  grades 
are  best  machined  in  the  annealed  condition,  and 
high-carbon  grades  (0.50  to  0.90  percent  C)  in  the 
spheroidized  condition.  Finish  machining  must 
often  be  done  in  the  fully  heat-treated  condition 
for  dimensional  accuracy.  The  resulfurized 
grades  are  well  known  for  their  good 
machinability.  Nearly  all  carbon  steels  are  now 
available  with  0.15  to  0.35  percent  lead,  added  to 
improved  machinability.  However,  resulfurized 
and  leaded  steels  are  not  generally  recommended 
for  highly  stressed  aircraft  and  missile  parts 
because  of  a  drastic  reduction  in  transverse  prop¬ 
erties. 

Welding.— -The  low-carbon  grades  are  readily 
welded  or  brazed  by  all  techniques.  The  medium- 
carbon  grades  are  also  readily  weldable  but  may 
require  preheating  and  postwclding  heat  treat¬ 
ment.  The  high-carbon  grades  are  difficult  to 
weld.  Preheating  and  postwelding  heat  treatment 
are  usually  mandatory  for  the  latter,  and  special 
care  must  be  taken  to  avoid  overheating.  Furnace 
brazing  has  been  used  successfully  with  all  grades. 

2.2.0. 3  Environmental  Considerations. — Car¬ 
bon  steels  have  poor  oxidation  resistance 
above  about  755  to  811  K,  and  protective  at¬ 
mospheres  must  be  employed  during  heat 
treatment  if  scaling  of  the  surface  cannot  be 
tolerated.  Also,  these  steels  are  subject  to 
decarburization  at  elevated  temperatures  and, 
where  surface  carbon  content  is  critical, 
should  be  heated  in  reducing  atmospheres. 
Strength  and  oxidation-resistance  criteria 
generally  preclude  the  use  of  carbon  steels 
above  755  K. 

Carbon  steels  exhibit  a  fairly  abrupt  drop  in 
notch  toughness  as  the  service  or  testing 


temperature  is  lowered  below  room  tem¬ 
perature.  The  subject  of  the  notch  toughness 
of  steels  is  reviewed  in  the  ASM  Metals 
Handbook,  8th  edition,  pages  225  to  243. 

The  corrosion  resistance  of  carbon  steels  is 
relatively  poor;  clean  surfaces  rust  rapidly  in 
moist  atmospheres.  Simple  oil  film  protection 
is  adequate  for  normal  handling. 

2.2.1  AISI  1025 

2.2. 1.0  Comments  and  Properties. — AISI  1025 
is  an  excellent  general  purpose  steel  for  the  ma¬ 
jority  of  shop  requirements,  including  jigs,  fix¬ 
tures,  prototype  mockups,  low  torque  shafting, 
and  other  applications.  It  is  not  generally  classed 
as  an  airframe  structural  steel.  However,  it  is 
available  in  aircraft  quality  as  well  as  commercial 
quality. 


Manufacturing  Considerations. — Cold- 
finished  flat-rolled  products  are  supplied  prin¬ 
cipally  where  maximum  strength,  good  surface 
finish,  or  close  tolerance  is  desirable.  Reasonably 
good  forming  properties  are  found  in  AISI  1025. 
The  machinability  of  bar  stock  is  rated  next  to  the 
resuifurized  types  of  free-machining  steels,  but 
the  resulting  surface  finish  is  poorer. 

Material  specifications  for  AISI  1025  steel  are 
presented  in  Table  2.2.1.0(a).  The  room  tem¬ 
perature  mechanical  and  physical  properties  are 
shown  in  Table  2.2.1.0(b). 


TABLE  2.2.1.0(a).  Material  Specifications  for  AISI 
1025  Carbon  Steel 


Specification 

Form 

MIL-S-7097,  Comp.  3 

Bars 

MIL-T-5066 

Tubing 

MIL-S-7952,  1025 

Sheet  and  strip 

TABLE  2.2.1.0(B).  OESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 
AISI  1025  CARBON  STEEL 


SPECIFICATION 


FORK . 

CONDITION . 

THICKNESS.  MH. 
BASIS . 


MECHANICAL  PROPERTIES* 
FTU,  HPA  * 

L . 

LT . . 

ST . 

FTY ,  HPAI 

L . 

LT . 

ST . 

FCY .  MPA  I 

L . 

LT . 

ST . 

FSU .  MPA . 

FBRU.  MPA* 

(E/D=1.5J . 

<E/D=2.0) . 

FBRY .  MPA* 

tE/0=1.5J . 

(E/0=2.0) . 

EL.  PERCENT: 

L . 

LT.. . 

ST . 

E,  GPA . 

EC.  GPA . 

G.  GPA . 

MU . 


r 

MIL-S-7097 

1 

1  1 

COHP.3 

SHEET  ANO  STRIP 

BARS 

COLO  ROLLED 

NORHALIZE  0 

ALL 

•  •  • 

•  •  • 

•  •  • 

S 

S 

Sa 

379 

379 

379 

379 

379 

379 

•  •  « 

•  •  • 

379 

248 

248 

248 

248 

248 

248 

•  •  • 

•  •  • 

246 

248 

248 

248 

248 

248 

248 

♦  •  « 

•  •  • 

246 

241 

241 

241 

*•  • 

•  •  • 

•  •  • 

621 

621 

621 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  9  9 

b 

a,b 

b 

•  •  « 

«•« 

>  ... 

•  •  • 

•  •  • 

•  •  • 

2  GO.  0 
2  00.0 
75.8 


0.32 


PHYSICAL  PROPERTIES: 

OMEGA,  MG/H3 . . 

C,  J/(G*K) . 

K,  N/(M*K) . . 

ALPHA,  10-6  H/(M*K).. 


7.86 

0.49  (323  TO  373  K) 

52  (AT  273  K) 

12.2  (293  TO  373  K)  ;  12.6  (293  TO  473  K) 


? GRAIN  DIRECTION  NOT  SPECIFIED. 

SEE  APPLICABLE  SPECIFICATION  FOR  VARIATION  IN  MINIMUM  ELONGATION  WITH 
ULTIMATE  STRENGTH. 
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2.3  Low-Alloy  Steels  (AISI  Grades  and 
Proprielary  Grades) 

2.3.0  COMMENTS  ON  LOW-ALLOY 
STEELS  (AISI  AND  PROPRIETARY 
GRADES) 

2.3.0. 1  Metallurgical  Considerations. — The 
AISI  or  SAE  alloy  steels  contain,  in  addition  to 
carbon  up  to  about  1  percent  (up  to  0.5  percent 
for  most  airframe  applications),  additions  of 
various  alloying  elements,  to  improve  their 
strength,  depth  of  hardening,  toughness,  or  other 
properties  of  interest.  Generally,  alloy  steels  have 
better  strength-to-weight  ratios  than  carbon  steels 
and  are  somewhat  higher  in  cost  on  a  weight,  but 
not  necessarily  strength,  basis.  Their  applications 
in  airframes  include  landing-gear  components, 
shafts,  gears,  and  other  parts  requiring  high 
strength,  through  hardening,  or  toughness. 

Some  alloy  steels  in  this  section  are  identified 
by  the  AISI  four-digit  system  of  numbers.  The 
first  two  digits  indicate  the  alloy  grqup  and  the 
last  two,  the  approximate  carbon  content  in 
hundredths  of  a  percent.  The  alloying  elements 
used  in  these  steels  include  manganese,  silicon, 
nickel,  chromium,  molybdenum,  vanadium,  and 
boron.  Other  steels  in  this  section  are  proprietary 
steels  which  may  be  modifications  of  the  AISI 
grades.  The  alloying  additions  in  these  steels  may 
provide  deeper  hardening,  higher  strength  and 
toughness. 

These  steels  are  available  in  a  variety  of  finish 
conditions,  ranging  from  hot  or  cold -rolled  to 
quenched-and-tempered.  They  are  generally 
heat  treated  before  use  to  develop  the  desired 
properties.  Some  steels  in  this  group  are  car¬ 
burized,  then  heat  treated  to  produce  a  combina¬ 
tion  of  high  surface  hardness  and  good  core 
toughness. 

Maximum  hardness  in  these  steels  is  obtained 
in  the  as-quenched  condition,  but  toughness  and 
ductility  in  this  condition  are  comparatively  low. 
By  means  of  tempering,  their  toughness  is  im¬ 
proved,  usually  accompanied  by  a  decrease  in 
strength  and  hardness.  In  general,  tempering  at 
low  temperatures  to  achieve  very  high  strength 
should  be  avoided  when  toughness  is  an  impor¬ 
tant  consideration. 


In  addition,  these  steels  may  be  embrittled  by 
tempering  or  by  prolonged  exposure  under  stress 
within  the  “blue  brittle"  range  (approximately 

533  to  644  K) .  Strength  levels  that  necessitate 
tempering  within  this  range  should  be  avoided. 

The  mechanical  properties  are  unless  otherwise 
indicated  for  air  melted  steel  heat  treated  to  pro¬ 
duce  a  quench  structure  containing  90  percent 
martensite  at  the  center,  then  tempered  to  the 
desired  F,u  level.  This  degree  of  through  harden¬ 
ing  is  necessary  (regardless  of  strength  level)  to 
insure  the  attainment  of  reasonably  uniform 
mechanical  properties  throughout  the  cross  sec¬ 
tion  of  the  heat  treated  part.  The  maximum 
diameter  of  round  bars  of  various  alloy  steels 
capable  of  being  through  hardened  consistently 
are  given  in  Table  2.3.0.1(a).  Limiting  dimen¬ 
sions  for  common  shapes  other  than  round  are 
determined  by  means  of  the  “equivalent  round” 
concept  of  Figure  2.3.0. 1.  This  concept  is  essen¬ 
tially  a  correlation  between  the  significant  dimen¬ 
sions  of  a  particular  shape  and  the  diameter  of  a 
round  bar,  assuming  in  each  instance  that  the 
material,  heat  treatment,  and  the  mechanical 
properties  at  the  centers  of  both  the  respective 
shape  and  the  equivalent  round  are  substantially 
the  same. 

The  mechanical  properties  of  all  alloy  steels  in 
the  heat-treated  condition  are  affected  by  ex¬ 
tended  exposure  to  temperatures  near  or  above 
the  temperature  at  which  they  were  tempered. 
The  limiting  temperatures  to  which  each  alloy 
may  be  exposed  for  no  longer  than  approximately 
1  hour  per  inch  of  thickness  or  approximately 
one-half  hour  for  thicknesses  under  13  mm 
without  a  reduction  in  strength  occurring  are 
listed  in  Table  2.3.0.1(b).  These  values  are  ap¬ 
proximately  55  K  below  typical  tempering  tem¬ 
peratures  used  to  achieve  the  designated  strength 
levels. 

2.3.0.2  Manufacturing  Considerations 

Forging. — The  alloy  steels  are  only  slightly 
more  difficult  to  forge  than  carbon  steels. 
However,  maximum  recommended  forging  tem¬ 
peratures  are  generally  about  30  K  lower  than  for 
carbon  steels  of  the  same  carbon  content.  Slower 
heating  rates,  shorter  soaking  periods,  and  slower 
cooling  rates  are  also  required  for  alloy  steels. 
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Complex  Sections 


The  diagonal  value  may  be  meas¬ 
ured  Instead  of  calculated  by  laying 
out  the  Intersecting  ER  values  at 
right  angles  to  one  another. 

The  following  steps  should  be  used  In  determining  the  governing  equivalent  round  for  complex 
sections: 

(1)  Reduce  the  components  to  simple  sections. 

(2)  Convert  simple  section  to  ER  values.  The  ER  value  at  an  intersection  is  equivalent  to 
a  diagonal  through  the  diameter  of  a  circle  which  would  circCmscribc  the  ER  area 
intersection,  normal  to  the  larger  ER  section,  as  shown  on  the  upper  right-hand  sketch. 

(3)  The  maximum  ER  value,  whether  it  is  for  a  single  component  or  an  intersection, 
shall  be  taken  as  the  ER  of  the  complex  section. 


aER  =  Equivalent  round  diameter  of  round  bars. 


FIGURE  2.3.0. 1  Correlation  between  significant  dimensions  of  common  shapes  other  than  round,  and  the 
diameters  of  round  bars. 
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TABLE  2.3.0.1(a).  Maximun  Round  Diameters  for  Alloy  Steel  Bars  (Through 
Hardening  to  at  Least  90  Percent  Martensite  at  Center) 


3  This  table  indicates  the  maximun  diameters  to  which  these  steels  may  be  through  hardened 
consistently  by  quenching  as  indicated.  Any  steels  in  this  table  may  be  used  at  diameters 


less  than  those  indicated.  The  use  of  steels  at  diameters  greater  than  those  indicated 
should  be  based  on  hardenability  data  for  specific  heats  of  steel. 


Quenched  in  molten  salt  at  cesired  tempering  temperature  ("martempering")  . 


Quenched  in  oil  at  a  flow  rate  of  61  meters  per  minute. 


Quenched  in  water  at  a  flow  rate  of  61  meters  per  minute. 
e  4330S1,  4330V,  4335V,  and  AMS  6413. 


TABLE  2.3.0.1(b).  Temperature  Exposure  Limits  for  Alloy  Steels 


Diameter  of 

round  or  equivalent  round,  mm 

I 

Ftu 

13 

20 

25 

43 

63 

89 

127  | 

1931  MPa 

__ 

_ 

__ 

.... 

__ 

i  i 

98BV  40c 

1793  MPa 

— 

— 

— 

AISI  4340b 

AISI  4340c 

AISI  4340d 

— 

n 

1517  MPa 

— 

— 

— 

AMS  Gradesbe 

AMS  Grcdesce 

D6ACb 

D6ACc 

3 

1379  MPa 

— 

AISI  8740 

AISI  4140 

AISI  4340b 

AISI  4340c 

AISI  4340d 

:  \ 
{ 

AMS  Gradesbe 

AMS  Gradesc“ 

D6ACb 

»i6ACc 

1241  MPa 

AISI  4130 

AISI  8735 

AISI  4140 

AISI  4340b 

AISI  4340d 

AISI  4340d 

' 

;  ft 

and  lower 

and  8630 

and  8740 

AMS  Gradesbe 

AMS  Gradesce 

D6ACc 

1  1 

J  ; 


i 


Cold  Forming.— The  alloy  steels  are  usually 
formed  in  the  annealed  condition.  Their  form- 
ability  depends  on  the  carbon  content  and 

is  Y.j  angntly  poorer  than  for  unalloyed 
steels  of  the  same  carbon  content.  Little  cold 
forming  is  done  on  these  steels  in  the  heat-treated 
condition  because  of  their  high  strength  and 
limited  ductility. 

Machining. — The  alloy  steels  are  generally 
harder  than  unalloyed  steels  of  the  same  carbon 
content.  As  a  consequence,  the  low-carbon  alloy 
steels  are  somewhat  easier  to  finish  machine  than 
their  counterparts  in  the  carbon  steels.  It  is 
usually  desirable  to  finish  machine  the  carburiz¬ 
ing  and  through-hardening  grades  in  the  final 
heat-treated  condition  for  better  dimensional  ac¬ 
curacy.  This  often  leads  to  two  steps  in  machin¬ 
ing:  rough  machining  in  the  annealed  or  hot- 
finished  condition,  then  finish  machining  after 
heat  treating.  The  latter  operation,  because  of  the 
relatively  high  hardness  of  the  material,  necessi¬ 
tates  the  use  of  sharp,  well -designed,  high-speed- 
steel  cutting  tools,  proper  feeds,  speeds,  and  a 
generous  supply  of  coolant.  Medium  and  high- 
carbon  grades  are  usually  spheroidized  for  op¬ 
timum  machinability  and,  after  heat  treatment, 
may  be  finished  by  grinding.  Many  of  the  alloy 
steels  are  available  with  added  sulfur  or  lead  for 
improved  machinability.  However,  resulfurized 
and  leaded  sieels  are  not  recommended  for  highly 
stressed  aircraft  and  missile  parts,  because  of 
drastic  reductions  in  transverse  properties. 

Welding. — The  low-carbon  grades  are  readily 
welded  or  brazed  by  ail  techniques.  Alloy  weld¬ 
ing  rods  comparable  in  strength  to  the  base  metal 
are  used,  and  moderate  preheating  (366  to  5S9L) 
is  usually  necessary.  At  higher  carbon  levels, 
higher  preheating  temperatures,  and  often  post- 
weiding  stress  relieving,  are  required.  Certain 
alloy  steels  can  be  welded  without  loss  of  strength 
in  th'*  heat -affected  zone  provided  that  the  weld¬ 
ing  heat  input  is  carefully  controlled.  If  the  com¬ 
position  and  strength  level  are  such  that  the 
strength  of  the  welded  joint  is  reduced,  the 
strength  of  the  joint  may  be  restored  by  heat  treat¬ 
ment  after  welding. 

2.3. 0.3  Environmental  Considerations. — Alloy 
steels  containing  chromium  or  high  percentages 


of  silicon  have  somewhat  better  oxidation  resis¬ 
tance  than  the  carbon  or  other  alloy  steels.  Ele¬ 
vated-temperature  strength  for  the  alloy  steels  is 
also  higher  than  that  of  corresponding  carbon 
steels.  As  a  rule,  elevated-temperature  service  for 
heat-treated  alloy  steels  is  limited  to  tem¬ 
peratures  55  K  below  the  normal  tempering  tem¬ 
peratures  or,  for  very  short-time  service  life,  up  to 
110  K  above  the  normal  tempering  temperatures, 

Heat-treated  alloy  steels  have  better  notch 
toughness  than  carbon  steels  at  equivalent 
strength  levels.  The  decrease  in  notch  ioughness  is 
less  pronounced  and  occurs  at  lower  tem¬ 
peratures.  Heat-treated  alloy  steels  may  be  useful 
for  subzero  applications,  depending  on  their  alloy 
content  and  heat  treatment.  Heai  treating  to 
strength  levels  higher  than  1035  MPa  Fty  may 
decrease  notch  toughness. 

The  corrosion  properties  of  the  AISI  alloy 
steels  are  comparable  to  the  plain  carbon  steels. 

2.3.1  SPECIFIC  ALLOYS 

2.3. 1.0  Comments  and  Properties. — AISI  4130 
is  a  chromium-molybdenum  steel  that  is  in 
general  use  due  to  its  well  established  heat  treat¬ 
ing  practices  and  processing  techniques.  It  is 
available  in  all  sizes  of  sheet  and  seamless  tubing. 
Bar  stock  of  this  material  is  also  used  for  small 
forgings  under  one-half  inch  in  thickness. 

AISI  4140  is  a  chromium-molybdenum  steel 
that  can  be  heat  treated  to  higher  strength  levels 
or  in  thicker  sections  than  AISI  4 1 30.  This  steel  is 
generally  used  for  structural  machined  and 
forged  parts  one-half  inch  and  over  in  thickness. 

It  can  be  welded  but  it  is  more  difficult  to  weld 
than  the  lower  carbon  grade  Ala  30. 

AISI  4340  is  a  nickel-chromium-molybdenum 
steel  that  can  be  heat  treated  to  higher  strength 
levels  or  in  thicker  sections  than  AISI  4140. 

AISI  8630  and  8740  are  nickel-chromium- 
molybdenum  steels  that  are  considered  alternates 
to  AISI  4130  and  4140,  respectively.  AISI  8735 
is  intermediate  between  AISI  8630  and  8740. 

There  are  available  a  number  of  steels  the  com¬ 
positions  of  which  represent  modifications  of  the 
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Room-Temperature  Properties 


A1SI  grades  described  above.  Five  of  these  that 
have  been  used  rather  extensively  at  Ft„  - 1515  MPa 
include  D6AC,  4330Si.  AMS  V  18,  4330V,  and 
4335  V.  It  should  be  noted  that  this  strength  level 
is  not  used  for  A1SI  4340  due  to  embrittlement 
encountered  during  tempering  in  the  range  5 33  to 
644  K.  In  addition,  4340  and  four  modified 
grades  are  utilized  at  strength  levels  of  F(„  =  1790 
MPaor  higher.  These  modified  grades  include 
D6A,  D6AC  98BV40,  and  300  M  which  are 
available  either  air  melted,  vacuum  melted,  or 
vacuum  degassed.  300  M  is  available  in  various 
modifications  involving  different  carbon  ranges. 
Specification  MIL-S-8844  covers  the  carbon 
range  0.40  to  0.46. 

Material  specifications  for  the  s'ecls  are  pre¬ 
sented  in  Table  2.3.1.0(a). 


The  room-temperature  mechanical  and  physi¬ 
cal  properties  for  these  steels  are  presented  in  Ta¬ 
bles  2.3.1.0(b)  through  2.3. 1.0(0-  Mechanical 
properties  for  heat-treated  materials  are  valid 
only  for  steel  heat  treated  to  produce  a  quenched 
structure  containing  90  percent  or  more  marten¬ 
site  at  the  center.  Figure  2.3. 1.0  contains  effect  - 
of-temperature  curves  on  the  physical  properties 
of  AISI  4130  steel. 

2. 3. 1.1  Heat-Treated  Condition. — Effect -of- 
temperature  curves  for  heat-treated  A1S1  alloy 
steels  are  presented  in  Figures  2.3.1.1.1(a) 
through  2. 3. 1.1. 4.  These  curves  are  considered 
valid  for  each  of  these  steels  in  each  heat-treated 
condition  but  only  up  to  the  maximum  tem¬ 
peratures  listed  in  Table  2.3.0.1(b). 


TABLE  2. 3 . 1 .0(a).  Material  Specifications  for  A  iloy  Steels 


Alloy 

Form 

Sheet,  strip,  and  plate 

Bars  and  forgings 

Tubing 

4130 . 

MIL-S-18729  . 

MIL-S-6758  . 

MIL-T-6736 

AMS  6381,6390 

AMS  6415 

MIL-S-8844 

MIL-T-6732 

MIL-T-6734a 

MIL-T-6733 

AMS  6323 

4140 . 

MIL-S-5626  . 

4340  . 

AMS  6359  . 

MIL-S-5000  . 

MIL-S-8844  . 

8630  . 

M1L-S-18728  . 

MIL-S-6050  . 

8735  . 

MIL-S-6098  . 

8740  . 

AMS  6358  . 

MIL-S-6049  . 

D6AC  . 

MIL-S-8949  . 

MIL-S-8949  . 

4330  Si  . 

AMS  6407 . 

AMS  6418  . 

AMS  6418 . 

4330V . 

AMS  6427  . 

4335V . 

AMS  6434  . 

AMS  6429 . 

300M . 

MIL-S-8844  . 

MIL-S-8844 

AMS  6423 

98BV40 . 

AMS  6423  . 

•Welded  tubing. 
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TABLE  2. 3.1.0 <81.  OESIGN  HECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
LOW-ALLOY  STEELS 


ALLOY  [FOR  SPECIFICATION 

SEE  TABLE  2.3.1.0(A) 1 

FORH . 

CONDITION . 

AISI  4130 

8630  ANO  8735 

SEE  STEELS  LISTED  IN  TABLE  2.3.0.1(A) 

FOR  THE  APPLICABLE  STRENGTH  LEVELS 

SHEET,  STRIP, 
PLATE,  TUBING 

ALL  WROUGHT  FORMS 

N 

QUENCHEO  AND  TEMPERED11  “ 

THICKNESS,  MM . 

<4.75 

>4.75 

•  •  • 

BASIS . . . 

S 

S 

5 

s 

s 

MECHANICAL  PROPERTIES! 

• 

FTU,  MPA.... . 

655 

621 

862 

1030 

1240 

1380 

FTY,  MPA . 

517 

483 

710 

910 

1120 

1210 

FCY,  MPA . . 

517 

483 

779 

1000 

1190 

1250 

FSU,  MPA . 

393 

372 

517 

621 

745 

827 

FBRU,  MPA! 

<E/0=1.51 . 

•  •  • 

1340 

1510 

1720 

1880 

(E/D=2. 0) . 

1380 

1310 

1730 

1980 

2250 

2450 

FBRY ,  MPA! 

(E/D= 1.5) . 

•  •  • 

•  •  • 

1040 

1300 

1590 

1760 

(E /D=2. 0 ) . 

889 

827 

1240 

15  0  0 

1770 

1930 

EL,  PERCENT . 

b 

b 

c 

c 

c 

c 

E,  GPA . . 

200. 

,0 

EC,  GPA . 

200. 

,  0 

G,  GP A .  75.8 

HU.... .  0.32 


PHYSICAL  PROPERTIES! 

OHEGA  ,  MG/H3 . . 

7.  83 

C,  . . 

0.  48  (AT  273  K) 

K,  W/(H*K) . 

38  (AT  273  K) 

ALPHA,  10-6  N/(M*K>.. 

11.  3  (255  TO  366  K) 

a VALUES  IN  THESE  COLUMNS  ARE  APPLICABLE  ONLY  TO  STEELS  FOR  WHICH  THE  ’INDICATED 
FTU  HAS  BEEN  SUBSTANTIATED  THROUGH  ADEQUATE  QUALITY-CONTROL  INSPECTION 
TESTING. 

b  SEE  TABLE  2.3.1.0(D) . 

C  SEE  TABLE  2.3.1.0(E). 


Typical  tangent-modulus  and  stress-strain 
curves  for  several  steels  are  presented  in  Figures 
2.3.1.1.6(a)  through  2.3.1.1.6(f), 

Typical  biaxial  stress-strain  curves  and  yield- 
stress  envelopes  for  AIS1  4340  alloy  steel  are  pre¬ 
sented  in  Figures  2.3.1.1.6(g)  through 
2. 3. 1.1. 60)-  Typical  constant-life  fatigue 
diagrams  for  this  steel  are  presented  in  Figures 
2.3.1.1.3(a)  through  2.3.1.1.8(g). 


Typical  constant-life  fatigue  diagrams  for 
300M  steel  are  presented  in  Figures  2.3.1.1.8(h) 
through  2.3.1.1.80). 

An  effect  of  temperature  curve  for  plane-strain 
fracture  toughness  of  heat  treated  AISI  4340  steel 
at  the  1790  MPa  strength  level  is  shown 
in  Figure  2. 3. 1.1. 9. 
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TABLE  2. 3. 1.0 (Cl.  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 


FORM.... ...... 

CONDITION . 

THICKNESS,  MM. 
BASIS . . 


LOW-ALLOY  STEELS 


AMS  4330  SI  D6AC 


ALL  WROUGHT  FORMS 


QUENCHED  ANO  TEMPERED 


MECHANICAL  PROPERTIES! 

FTU ,  MPA . 

FTY ,  MPA . 

FCY ,  MPA . 

FSU,  MPA . 

FBRU,  MPA! 

(E/0=1  •  5 ) . . 

(E/D=  2. 0 ) . 

FBRY ,  MPA! 

( E/D= 1 • 5) . 

<E/0=2.01 . 

EL,  PERCENT! 

L . 

LT . 

E,  GP A . 

EC,  GPA . 

G,  GPA . 


98RV40 


bars, forgings, tubing 


OUENCHEO  AND  TSHPEREO 
SEE  TABLE  2 . 3.0 ,1(«) 


S 


1790  I  1 796e 
1480  ;  1 480e 
1650  i  1650 
1080  1080 

2390  2390 

3030  3030 


1850  1890  2130  2130 
2040  2080  2360  2360 


1340  !  1370 

910  j  910 

2050  j  2050 
2650  !  2650 


PHYSICAL  PROPERTIES! 

OMEGA,  HG/M3 . 

C,  J/(G*K) . 

K,  W/(M*K) . 

ALPHA,  10-6  M/(M*K) 


7.83 

0.48  (at  273  K) 

3  8  ^T  273  K) 

11.3  (255  TO  366  K) 


aAIR  HELTEQ  STEEL  ONLY. 

^VALUES  IN  THESE  COLUMNS  ARE  APPLICABLE  ONLY  TO  STEELS  FOR  WHICH  THE  INDICATED 
FTU  HAS  BEEN  SUBSTANTIATED  THROUGH  ADEQUATE  QUALIT Y-CONT ROL  INSPECTION 
TESTING. 

CTHE  USE  OF  HEAT  TREATMENTS  OF  FTU  =  1317MPA  OR  HIGHER  IS  SUBJECT  TO  THE 
SPECIFIC  APPROVAL  OF  THE  PROCURING  OR  CERTIFICATING  AGENCY. 
dSHEET  1.000  TO  1.499  HH,  INCL.,  4!  0.508  TO  0.999  MM,  INCL.,  2.  SEE  TABLE 
2.3.1.0(F)  FOR  ELONGATION  APPLICABLE  TO  CON a UNABLE -ELECTRODE  VACUUM-MELTED 
06 AC  (BILLETS)  ANO  4330V  (ALL  PRODUCT  FORMS). 
eVALUES  ARE  F02-.  TEAMS  VERS£.  01  RECTI  ON  . 

Bearing  values  are  dry  pin  values  per  section  1.4.7. 1. 
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K,  W/{m-K) 


M-uiytu  oi 


Percent  Ftu  at  Room  Temperature 


0  200  400  600  800  1000  1200  1400  1600 


Temperature,  K 

FIGURE  2.3.1.1.1(a).  Effect  of  temperature  on  the 

ultimate  strength  (F  )  of 
AISI  alloy  steels.  u 


j 
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Percent  F.u  at  Room  Temperature 
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Percent  F  at  Room  Temperature  ^  Percent  F  ot  Room  Temperature 
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tGURE  2.3.1.1.2(a).  Effect  of  temperature  on  the  compressive 

yield  strength  (F  )  of  heat-treated 
AISI  alloy  steels. 
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FIGURE  2.3.1.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (F  )  of  heat-treated 
AISI  alloy  steels^0 
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IGURE  2.3.1.1.3(a).  Effect  of  temperature  on  the  ultimate 

bearing  strength  (Fbru)  of  heat-treated 
AISI  alloy  steels. 
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FIGURE  2.3.1.1.3(b).  Effect  of  temperature  on  the  bearing 

yield  strength  (Fbry)  of  heat-treated 
AISI  alloy  steels. 
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FIGURE  2.3.1.1.6(g), 


Strain,  0.001  mm/mm 

Typical  biaxial  stress<-strain  curves  at  room  temperature 
for  AISI  4340  alloy  steel  (machined  thin-wall  cylinders, 
axial  direction  =  longitudinal  direction  of  bar  stock), 
Ftu  =  1241  MPa,  A  biaxial  ratio  r-  of  zero  corresponds  to 
the  hoop  direction. 
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FIGURE  2.3.1.1.6(h). 


temperature  for  AISI  4340  alloy  steel 
(machined  thin-wall  cylinders,  axial 
direction  ■  longitudinal  direction  of 
bar  stock),  Ftu  *  1241  MFa;  Fty 
measured  in  Che  hoop  direction. 
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FI  JURE  2 . 3.1 .1 ,6(i) . 


Typical  biaxial  stress-strain  curves  at  room  temperature 
for  AISI  4340  alloy  steel  (machined  thin-wall  cylinders, 
axial  direction  =  longitudinal  direction  of  bar  stock), 

F u  =  1793  MPa,  A  biaxial  ratio  B  of  zero  corresponds  to 
tne  hoop  direction. 
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FIGURE  2.3.1.1.6(a).  Typical  conatant-1 1  f<*  fatigue  dUgra*  for  hcnt-crc Qted 
AISI  4V.0  allot  at c«*l  (bar).  Ff||  -  *<'2  MPn 


G-rrelative  Information  for  Figure  2.3.1 . 1 .8(a) 

Product  Form:  Rolled  Bar,  28.6mm  inches  diameter  Test  Parameters: 

Loading  -  Axial 

Properties:  TUS,  MPa  TYS,  MPa  Temp,  K  Frequency-  2000  to 

860  —  RT  (Unnotched)  ^500  cpm 

1040  —  RT  (Notched)  Temperature  -  RT 

Atmosphere  -  Air 

Specimen  Details:  Unnotched:  Notched, V-Groove,Kt  =  3.3 

10.16  mm  diameter  11.42  mm  gross  diameter 
10.16  mm  net  diameter 
0.25  mm  root  radius,  r 
60°  flank  angle,  uj 


Kn  -  2.34,  p  =  0.0584mm,  where  KN  =  1  + 


K,  -  1 


y  — w  J  r 


Surface  Condition:  Unnotched: 

Notched: 


Hand  polished  to  0.284  micrometres  RMS 
Lathe  turned  to  0.254  micrometres  RMS 


Maximum  Streox,  MPa 


A*  300 
R* -050 


\x  x 

/VP  ^ 

'/C  y 

r  <? 

Test  Conditions 

/yP 

A  «<*> 

A  *  10 

Sm  »  827.4  MPa 

Kt«  3.3 

A*o° 

A*L0 

Sm«  1034.3  MPo 

•  MWmum  Stress,  MPo 

FICURE  2.3.1.1.8(b).  Typical  cormant-1 1  fc  fatigue-  diagram  for  heat-treated 
AISI  6340  alloy  steel  (bar).  Ffcu  -  1034  MPA 


Correlative  Information  for  Figure  2.3.1.1.8(b) 
Product  Form:  Rolled  Bar,  28.6  mm  diameter  Te; 


Properties:  TUS,  MPa  TYS.MPa  Temp,  :K 

1090  1010  RT  (Unnotched) 

1310  —  RT  (Notched) 


Test  Parameters: 

Loading  -  Axial 

Frequency  -  2000  to 

2500  cpm 
Temperature  -  RT 
Atmosphere  -  Air 


Specimen  Details:  Unnotched:  Notched, V-Groove,  Kt  =  3,3 

10.16  mm  diameter  11.42  mm  gross  diameter 
10.16  mm  net  diameter 
0.25  mm  root  radius,  r 
60°  flank  angle,  u> 

Kn  =  2.54,  p  ,-0.025  mm,  where  KN  =  1  + - —  — 


Surface  Condition:  Unnotched:  Hand  polished  to  0.254  micrometres  RMS 
Notched:  Lathe  turned  to  0.254  micrometres  RMS 


Maximum  Stress,  MPa 


MSEBm 
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A  *0.15 
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Minimum  Stress,  MPi 


FIGURE  2.3.1.1.8(c).  Typical  conttint -life  fatigue  diagram  for  heat-treated 
AISI  4340  alloy  cteel  (bar),  S  •  1379  HPa 
tu 

Correlative  Information  for  Figure  2.3.1.1.8(c). 


Product  Form:  Rolled  Bar,  28.6  nun  diameter 


Properties:  TUS,  HPa  TYS.  MPa  Temp,  K 

1430  —  RT  (Unnotchcd) 

1730  _  RT  (Notched) 


Test  Parameters: 

Loading  -  Axial 

c  2000  to 

Frequency  -  2500  cpm 

Temperature  -  RT 
Atmosphere  -  Air 


Specimen  Details:  Unnotched:  Notched, V-Groove, Kt  =  3.3 

10716  mm  diameter  11.43  mm  gross  diameter 
10.16  mm  net  diameter 
0.25  mm  root  radius,  r 
60°  flank  angle,  w 


Kn  =  2.90;  p  =  0.0051mm,  where  KN  =  I  + - 

I  +  — 


K,  -  I 


7  ■“  (o  \f  r 


Surface  Condition:  Unnotched:  Hand  polished  to  0 .254  micrometres  RMS 
Notched:  Lathe  turned  to  n  .254  micrometres  RMS 


Minimum  Stress,  MPo 

FIGURE  2. 3.1. 1.8(d).  Typical  rorwr  ant -1 1  fv  f.iUpm-  dl«*r«p*  for  hcat-trettcd 
AIS1  4340  ollov  I  (h.ir).  F  -  1793  MT.t 


Correlative  Information  for  Figure  2.3.1.1.8(d). 


Product  Form:  Rolled  Bar,  28.6  mm  diameter 

Properties:  TUS  MPa  TYS,  MPa  Temp,  K 

lUTO-  l6Uo  RT  (Unnoiched) 

2430  —  RT  (Notched) 

Specimen  Details:  Unnotchcd  Notched  V-Groovc 


Test  Parameters: 

Loading  -  Axial 

Frequency  -  2000  to 
2500  cpn 
Temperature  -  RT 
Atmosphere  -  Air 


cn  Details:  Unnotchcd  Notched,  V-Groovc,  Kt  =  3.0 

i.u •  ib  tnm  diameter  b.86  mm  gross  diameter 
5.59  mm  net  diameter 
0.25  mra  root  radius,  r 
60°  flank  angle,  w 

Kn  =  2.91;  p  =  0.000229  mm,  where  KN  =  1  +  _ ~J 

I  +  — — 


Surface  Condition:  Unnotchcd: 

Notched: 


Hand  polished  to  0.254  micrometres  RMS 
Lathe  turned  to  0.2)4  micrometres  RMS 
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MWnum  Sires:,  MPo 

nc.imr.  2.3.1.1.8(e),  Typical  conatani-llff  fatlput  dlicraw  for  heat-treated 
A1SI  434P  alloy  ateel  (har)  at  598  K.  F  -  1014  HPa 

tu 


Correlative  Information  for  Figure  2.3.1.1.8(e). 


Product  Form:  Rolled  Bar,  28.6  mm  diameter 


Properties:  TUS.MPa  TYS,  MPa  Temp,  K 

1090  1010  RT  (Unnotched) 

1050  840  589  (Unnotched) 

1310  —  RT  (Notched) 

1210  —  589  (Notched) 


Test  Parameters: 

Loading  -  Axial 
Frequency  -  2000  to 

2500  cpm 

Temperature  -  589  K 
Atmosphere  -  Air 


Specimen  Details:  Unnotched:  Notched,  V -Groove,  Kt  =  3.3 

10.16  mm  diameter  11.43  mm  gross  diameter 
10. 16  mm  net  diameter 
0.25  mm  root  radius,  r 
60°  flank  angle,  o> 

Km  =  2.52  (589  K);  p=  0 .02921  mn,  where  KN  =  1  + - 1 

1  +-Z-  E 

-  y/r 

Surface  Condition:  Unnotched:  Hand  polished  to  0.254  micrometres  RMS 
Notched:  Lathe  turned  to  0 .254  micrometres  RMS 


i 


MWmun  Stitts,  MPa 


riCVKE  J. J.l. I.d(f) .  Tvplrxl  ronxcint-l 1 fr  fatlcur  dlayraa  for  hral-irracrd 
At  SI  4  HO  alloy  mcrl  (bar),  ai  TOO  K ,  F  -  ln)4  JIM 

Co.  relative  Information  for  Figure  2.3.1.1.8(f). 


Product  Form:  Rolled  Bar,  28.6  mm  diameter 


Properties: 


TUS,  MPa 
1090 
860 
1310 
1060 


TYS.MPa 

1010 

700 


Temp,  K 
RT  (Unnotchcd) 
700  (Unnotched) 
RT  (Notched) 
700  (Notched) 


Test  Parameters: 

Loading  -  Axial 
Frequency  -  2000  to 
2500  cpm 

Temperature -700  K 
Atmosphere  -  Air 


Specimen  Details: 


Unnotched:  Notched,  V-Groove,  K!  =  3.3 

10. 16  mm  diameter  11-43  nan  8ross  diameter 
10.1.6  mm  net  diameter 
0.25  mm  root  radius,  r 
60°  flank  angle,  o> 


Kn  =  2.52 ( 700 IQ;  p  =  0.0584  mm,  where  K N  =  1 


Surface  Condition:  Unnotchcd:  Hand  polished  to  0.254  micrometres  RMS 
Notched:  Lathe  turned  to  0  254  micrometres  RMS 
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Test  Conditions 

Unnotched - 

A»<= 

A  *1.6 

Snf  276  MPo 

Notched  — — — 
K| '  33 
A*  co 
A*  10 

Snf  593  MPo 


100  -  600  -400  -ZOO  0  ZOO  400  600  800  K 

Mink-rum  Stitts,  MPo 

FICURE  ?,  3. 1.1.8(g).  Typical  conscant-1 1 1 r  fatigue  aiagraa  for  hcat-trcaietf 
AIS1  4340  alloy  atccl  (bar)  ac  811  K  •  F(u  •  ln>4  Wj 


Correlative  Information  for  Figure  2.3.1.1.8(g). 
Product  Form:  Rolled  Bar,  28.6  mm  diameter  jes 


Properties:  TUS,  MPa  TYS,  MPa  Temp,  K 

1090  1010  RT  (Unnotched) 

560  430  811  K  (Unnotcht 

1310  —  RT  (Notched) 

680  —  811  K  (Notched  1 


Cei  Test  Parameters: 

Loading  -  Axial 
Frequency  -  2000  ’o 
Temp,  K  2500  cp 

RT  (Unnotched)  Temperature  -811  K 

811  K  (Unnotched)  Atmosphere  -  Air 

RT  (Notched) 

811  K  (Notched) 


Specimen  Details:  Unnotched:  Notched, V-Groovc, K,  =  3.3 

10.16  mm  diameter  11.43  mm  gross  diameter 
10.16  mm  net  diameter 
0.25  mm  root  radius,  r 
60°  flank  angle,  o> 

K[.j  =  2.05  ( 811  K ):  p  =  0. 1626  mm, where  KN  =  1  + _ ISl  ~  * 

1  +  — — —  f^- 

-  -  (J  yj  r 

Surface  Condition:  Unnotched:  Hand  polished  to  0.254  micrometres  RMS 
Notched:  Lathe  turned  to  0.254  micrometres  RMS 


Mo»lmum  Slrms,  MPa 


^  W^?jg  ■-■  ■g  glM  1  mj-" 


ipf1  l>w  M|  ""  -I«».»:l!'<.|l"»  -- 


A*  300  1.67  I  060  033  0J4  0 


Minimum  SIims,  MPo 


flCURF.  2.). 1.1.8(h).  Typical  conutani-1  Ifc  fatigue  dlagraa  for  3001;  alloy,  unnotched,  ?tu  *  1931  Hro. 


Correlative  Information  for  Figare  2.3.1.1.8(h). 


Product  Form:  Forgings 

Test  Parameters: 
Loading  -  Axial 

Properties:  TUS,  MPa 

TVS.  MPa 

Temp,  k 

Frequency  - 

2000 

1670 

RT 

Temperature  -  RT 
Atmosphere  -  Air 

Specimen  Details:  Unnotched: 

6.35  mm  diameter 


Surface  Condition: 

Heat  treat  and  finish  grind  to  a  surface  finish  of  63  ±  5  RMS  with  light  grinding 
parallel  to  specimen  length,  stress  relieve. 
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Maximum  Stro»»,  MFo 


Mm'-nxm  Stress,  MPa 

T1CURE  2. 3. 1.1. 8(1).  Typical  constant-life  fatlpuc  diaRraa  for  300M  allov, 
dccarburircd  and  *hot  pcncd,  Ftu  *  1921  MPa. 


Correlative  Information  for  Figure  2.3.1.1.8(i). 


Product  Form:  Forgings 

Test  Parameters: 
Loading  -  Axial 

Properties:  TUS,  MPa 

TYS,  MPa 

Temp,  K 

Frequency  - 

-  "  "  2000 

1670 

RT 

Temperature  -  RT 
Atmosphere  -  Air 

Specimen  Details:  Unnotched: 


6.35  mm  diameter 

Surface  Condition: 

Heat  treat  and  finish  grind  to  a  surface  finish  of  63  ±  5  RMS  with  light  grinding 
passes  parallel  to  specimen  length,  stress  relieve;  shot  peen  with  Number  230  size 

shot  to  Almen  intensity  of  A 10- 12  with  high  intensity  coverage.  Ground  surface 
showed  0.076  to  0.152  mm  decarburizatioh  prior  to  shot  peening. 
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Moxhnum  Strew,  MPo 


-KX»  -800  -600  -400  -200  0  200  400  600  600  XXX}  EOO  woo  *>00 

Mhlnwr.  Strm,  MPo 

FIGURE  2.3.1.l.8(J) .  Typlcd  crnitni- 11  It  fatlgur  <tsgr»  tor  MO!*  *Uoy.  notched  *  2.0,  r,u  -  1931  MPA 


Correlative  Information  for  Figure  2.3.1.1.8Q). 


Product  Form:  Forgings 

Properties:  TUS.  MPa 

2000 
3140 


Temp.K 

RT  (Unnotchcd) 
RT  (Notched) 


Test  Parameters: 
Loading  -  Axial 
Frequency  - 
Temperature  -  RT 
Atmosphere  -  Air 


Specimen  Details:  Notched,  60°  V-Groove,  Kt  =  2.0 
~  12.70  mm  gross  diameter 

6.35  mm  net  diameter 
1.02  mm  root  radius,  r 
60r  tlank  angle,  o> 

Kfj  =  i .98;  p  =0.000229  nan,  where  =  1  + 


K,  -  1 


r-cu  J  r 


Surface  Condition:  Heat  treat  and  finish  grind  notch  to  63  ±  5  RMS;  stress  relieve. 
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-KXX)  -800  -  600  -400  -200  0  200  400  600  800  1000  1200  WOO 

Minimum  Stress,  MPa 

FIGURE  2.3.1.1.800.  Typlc&l  constant-life  fatigue  dlagran  for  300M  alloy,  notched  -  3.0,  Ffu  •  1931  MPA 


Correlative  Information  for  Figure  2.3.1.1 .8(k). 


Product  Form:  Forcings 

Test  Parameters: 

Properties: 

TUS,  M?3 

TYS,  MPa 

Temp,  K 

Loading  -  Axial 
Frequency  - 

2000 

1670 

RT  (Unnotched) 

Temperature  -  RT 

3000 

RT  (Notched) 

Atmosphere  -  Air 

Specimen  Details:  Notched,  60°  V -Groove,  Kt  =  3.0 


12.70  ran  gross  diameter 
6 . 35  mm  net  diameter 
0. 3683  mm  root  radius,  r 
60°  flank  angle,  w 


Kn  =  2.93;  p  =  0.000229  mm, where  =  1 


Surface  Condition;  Heat  treat  and  finish  grind  notch  to  63  ±  5  RMS;  stress  relieve. 
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Maximum  Stres*,  MPo 


Ttsl  Conditions 
K|*50 

R-10 

R-Q333 

R«Q333 


-1000  -BOO  -600  -400  _  -200  0  200  400  600  BOO  COO  1200  1400  1600 

MWmum  Slreii,  MPo 

FIGURF.  2.). 1.1. 8(1).  Tvplcxl  conninnt-lffo  f  .it  I  cur  dtncmn  for  300M  «!loy, 
notehrd  K  *  S.O,  F  -  101>  Wa 


Correlative  Information  for  Figure  2.3. 1.1. 8(1). 


Product  Form:  Forgings 

Properties:  TUS,  MPa  TYS,  MPa  Temp,  K 

2000  1670  RT  (Unnotched) 

2600  —  RT  (Notched) 

Specimen  Details:  Notched,  60°  V-Groove,  Kt  =  5.0 
12.  70  mm  gross  diameter 
6.35  mm  net  diameter 
0 . 1067  mm  root  radius,  r 
60°  flank  angle,  o> 

Kn  =  1.98;  p  =0.000229  mm,  where  KN  =  1  +  - 


Test  Parameters: 
Loading  -  Axial 
Frequency  - 
Temperature  -  RT 
Atmosphere  -  Air 


K,  -  1 


y  —  (o  J  r 


Surface  Condition.  Heat  treat  and  finish  grind  notch  to  63  RMS  maximum;  stress  relieve. 
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Percent  Klc  at  Room  Temperature 


2.4  Intermediate  Alloy  Steels 

2.4.0  COMMENTS  ON  INTERMEDIATE 
ALLOY  STEELS. — The  intermediate  alloy 
steels  in  this  section  are  those  steels  that  are  sub¬ 
stantially  higher  in  alloy  content  than  the  alloys 
steels  described  in  Section  2.3  but  lower  in  alloy 
content  than  the  stainless  steels.  Typical  of  the  in¬ 
termediate  alloy  steels  is  the  5Cr-Mo-V  aircraft 
steel  and  the  9Ni-4Co  series  of  steels. 

2.4.0. 1  Metallurgical  Considerations. — The 
alloying  elements  added  to  these  steels  arc  similar 
to  those  used  in  the  lower  alloy  steels  and,  in 
general,  have  the  same  effects.  The  difference  lies 
in  the  quantity  of  alloying  additions  and  the  ex¬ 
tent  of  these  effects.  Thus,  higher  chromium  con¬ 
tents  provide  improved  oxidation  resistance.  Ad¬ 
ditions  of  molybdenum,  vanadium,  and  tungsten, 
together  with  the  chromium,  provide  deep  air¬ 
hardening  properties  and  improve  the  elevated- 
temperature  *  trength  by  retarding  the  rate  of  tem¬ 
pering  at  high  temperatures.  Additions  of  nickel 
to  nonsecondary  hardening  steels  lower  the  tran¬ 
sition  temperature  and  improve  low-temperature 
toughness. 

2.4.1  5Cr-Mo-V 

2. 4. 1.0  Comments  and  Properties. — 5Cr-Mo-V 
aircraft  steel  exhibits  high  strength  in  the  tem¬ 
perature  range  up  to  Sll  K.  its  characteristics 
also  include  air  hardenability  in  heavy  sections; 
as  a  result  of  this,  little  distortion  is  encountered 
in  heat  treating  this  steel. 

Material  specifications  for  5Cr-Mo-V  aircraft 
steel  are  presented  in  Table  2.4.1.0(a). 


TABLE  2.4.1.0(a).  Material  Specifications  for  50- 
Mo-V  Aircraft  Steel 


Specification 

Form 

AMS  6437  . 

Sheet,  strip,  and  plate. 

AMS  6485  . 

Bar,  forging,  and  forging 

stock. 

The  heat  treatment  recommended  for  this  steel 
consists  of  heating  to  1233  K  +  28  holding  15  to 


25  minutes  for  sheet  or  30  to  60  minutes  for  bars, 
depending  on  section  size,  and  cooling  in  air  to 
room  temperature,  then  tempering  three  times  by 
heating  to  the  temperature  specified  in  Table 
2.4.1.0(b)  for  the  strength  level  desired,  holding 
at  teir.oeraturc  for  2  to  3  hours,  and  cooling  in  air. 

This  steel  is  available  either  as  air-melted  or 
consumable  electrode  vacuum  melted  quality 
although  only  consumable  electrode  vacuum 
melted  quality  is  recommended  for  aerospace  ap¬ 
plications. 


TABLE  2.4.1.0(b).  Tempering  Temperatures 
for  5Cr-Mo-V  Aircraft 
Steel 


^tu» 

Temperature,  K 

Hardness ,  Rc 

1931  . 

811  +  5 

54-56 

1793  . 

828  +  5 

52-54 

1655  . 

838  +  5 

49-52 

1517  . 

855  +  5 

46-49 

Room-Temperature  Properties 

The  room-temperature  mechanical  and  physi¬ 
cal  properties  arc  shown  in  Tables  2.4.1.0(c)  and 
(d).  The  mechanical  properties  are  for  5Cr-Mo-V 
steel  heat  treated  to  produce  a  structure  contain¬ 
ing  90  percent  or  more  martensite  at  the  center 
prior  to  tempering. 

The  room-temperature  properties  of  5Cr-Mo 
V  aircraft  steel  are  affected  by  extended  exposure 
to  temperatures  near  or  above  the  tempering  tem¬ 
perature.  The  limiting  temperature  to  which  the 
alloy  may  be  exposed  for  extended  periods  with¬ 
out  significantly  affecting  its  room-temperature 
properties  may  be  estimated  at  55  K  below  the 
tempering  temperature  for  the  desired  strength 
level. 

Figure  2.4. 1.0  presents  room  temperature  and 
elevated  temperature  physical  property  informa¬ 
tion  for  K  and  a. 

2.4. 1.1  Heat  Treated  Condition. — The  effect  of 
temperature  on  various  mechanical  properties  for 
heat  treated  5Cr-Mo-V  aircraft  steel  are 
presented  in  Figures  2.4.1.1.1(a)  through 
2.4. 1.1. 4.  In  addition  elevated  temperature  re¬ 
quirements  are  specified  in  AMS  6437  and  6485. 
Figure  2.4. 1.1. 9  contains  an  effect  of  temperature 
curve  for  plane  strain  fracture  toughness,  Kic,  for 
this  alloy  in  the  heat  treated  condition. 


TABLE  2.4.1.0(C) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
5CR-MO-V  AIRCRAFT  STEEL  (SHEET,  STRIP  AND  PLATE) 


SPECIFICATION. 

FORM . 

CONDITION . 

THICKNESS,  MM. 
BASIS . 


_ AMS  643 7 _ 

SHEET,  STRIP.  AN 0  PLATE_ 
QUENCHED  ANO  TEMPERED 


MECHANICAL  PROPERTIES! 
FTU,  MPA l 

L . 

LT . . 

FTY,  MPA! 

L . 

LT . . 

FCY,  MPA! 

L . 

LT . 

FSU,  MPA...., . 

FBRU,  MPA! 

(E/D=1.5) . 

(E/0=2.0 ) . 

FBRY,  MPA! 

(E/0=  1.5) . 

(E/O=2.0> . 

EL,  PERCENT! 


LT  (SHEET')  IN  50.8  Mh) 
LT  <SHEETd  IN  25.4  MM) 

E,  GPA . 

EC,  GPA . 

G,  GPA . 

HU., . 


5 

7 

2TT678 
206.  8 
75. a 
0.  36 


PHYSICAL  PROPERTIES! 

OMEGA,  MG7M3 . 

C,  J/(G*K> . 

K,  W/(M*K) . . 

ALPHA,  10-6  M/(H*K>, 


7.78 

0.46e  (273  K) 

2B  (478  TO  866  K) 

12.8  (300  TO  700  K) ;  13.3  (300  TO  922  K) 


aMINIMUH  PROPERTIES  EXPECTED  WHEN  HEAT  TREATED  AS  RECOHHENOED  IN  SECTION 
2. 4.1.0. 

‘THE  USE  OF  HEAT  TREATMENTS  OF  FTU  =  1517  MPA  OR  HIGHER  IS  SUBJECT  TO  THE 
SPECIFIC  APPROVAL  OF  THE  PROCURING  OR  CERTIFICATING  AGENCY. 

‘TEST  DIRECTION  LONGI TUOINAL  FOR  W,10THS  LESS  THAN  220.6  MM!  TRANSVERSE  FOR 
WIDTHS  228.0  MM  AND  OVER. 
dFOR  SHEET  THICKNESS  GREATER  THAN  1.27  MM. 

'CALCULATED  VALUE . 


TABLE  2. 4. 1.0  {01.  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

5CR-M0-V  AIRCRAFT  STEEL  (BARS  ANO  FORGINGS) 


SPECIFICATION . 

AMS  6485 

FORM . 

8ARS  ANO  FORGINGS 

CONDITION..... . . 

QUENCHEO  ANO  TEMPERED 

THICKNESS,  MM . 

_ . _ <204.80 _ _  .  ... 

BASIS . . 

s3^ 

-  ayirjc  ■ 

j  i 

;  S37" 

MECHANICAL  PROPERTIES! 

FTU,  NPA 1 

L . . 

•  •  • 

•  •  • 

•  •• 

T . 

1650 

1790 

1930 

FTY ,  MPA! 

. . 

•  •  • 

•  •  • 

•  •  • 

T . 

1380 

1480 

1650 

FCY ,  MPA! 

L. . . 

•  •  • 

•  •  • 

•  •  • 

T . . . 

1520 

1610 

1790 

FSU,  MPA . 

1000 

1070 

1170 

F8RU,  MPA! 

(E/0*l.Si) . 

•  •  • 

•  •  • 

•  •• 

(E/O=2.0) . 

2760 

3000 

3210 

FBRY ,  HPA ! 

CE/0=i#5 ) ••••• ••• • 

•  •  I 

•  •  • 

•  ♦  • 

(E/0=2.CD . 

2170 

2300 

2520 

EL,  PERCENT! 

L . 

•  •  • 

8C 

•  •  • 

T . 

9 

d 

7 

E,  GPA . 

2  06.8 

EC,  GPA . . 

2  0  6.8 

G,  GPA . 

75.6 

MU . 

0.36 

PHYSICAL  PROPERTIES! 

OMEGA,  MG/H3 . . 

7.78 

C,  J/(G*K) . 

0.46e  (273  K) 

K,  W/(H*K) . 

29  (478  TO  866  K) 

ALPHA,  10-6  M/(M*K).. 

12.8  (300  TO  700  K) ;  13. 

3  (300  TO  922  K) 

*  HINIHUH  PROPERTIES  EXPECTEO  WHEN  hYaTTrEATEo"' AS* 'REc"OMMENbYo"' Tn  "sTcTloV 

2. 4.1.0. 


b  THE  USE  OF  HEAT  TREATMENTS  OF  FTU  =  1517  MPA  OR  HIGHER  IS  SUBJECT  TO  THE 
SPECIFIC  APPROVAL  OF  THE  PROCURING  OR  CERTIFICATING  AGENCY, 
c  TEST  OIRECT ION  LONGITUOINAL  FOR  CROSS-SECTIONAL  AREAS  LESS  THAN  161.3  SQ.CM, 
TRANSVERSE  FOR  AREAS  >  161.3  SO.  CM. 

<5  ELONGATION!  OVER  161.3  TO  483.9,  EXCLUSIVE,  6  PERCENTS  483.9  TO  645.2,  6S 
645.2  TO  967,7  INCL.,  5?  967.7  TO  1451.6,  INCL.,  4S  1451.6  TO  1651.6, 
e  INCL. ,3. 

CALCULATED  VALUE. 
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LGURE  2.4.1.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (F  )  of  5Cr-Mo-V 
aircraft  steel 


FIGURE  2.4.1.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (F  )  of  5Cr-llo-V  air¬ 
craft  steel.  y 
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FIGURE  2. 4,1. 1.2(a) .  Effect  of  temperature  on  the  compressive 


yield  strength  (Fcy)  of  5Cr-Mo-VV  air¬ 
craft  steel. 
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FIGURE  2.4.1.1.2(b). 


Effect  of  temperature  on  the  ultimate 
shear  strength  (Fgu)  of  5Cr-Mo-V  air¬ 
craft  steel. 
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FIGURE  2.4.1.1.3(a).  Effect  of  temperature  on  the 

ultimate  bearing  strength  (Fbru) 
of  5Cr-Mo-V  aircraft  steels. 
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FIGURE  2.4.1.1.3(b).  Effect  of  temperature  on  the  bearing  yield 

strength  (F^rv^  5Cr-Mo-V  aircraft  steels- 
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FIGURE  2. 4. 1.1. 4.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  E  )  of  5Cr-Mo-V 
aircraft  steel. 
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2.4.2  9Ni-4Co-.20C 


2. 4. 2.0  Comments  and  Properties.  — The 
9Ni-4Co-.20C  alloy  was  developed  specifically  to 
have  excellent  fracture  toughness,  excellent 
weldability,  and  high  hardenability  when  heat 
treated  to  1310-1450  MPa  ultimatcltcnsile  strength. 
The  alloy  can  be  readily  welded  in  the  heat  treat¬ 
ed  condition  with  preheat  and  post-heat  usually 
not  required.  The  alloy  is  through  hardening  in 
section  sizes  up  to  at  least  200  mm  thick.  The 
alloy  may  be  exposed  to  temperatures  up  to  755  R 
(approximately  55  K  below  typical  tempering 
temperature)  without  microstructural  changes 
which  degrade  strength. 

A  material  specification  for  9Ni-4Co-.20C 
steel  is  presented  in  Table  2.4.2.0(a). 


The  heat  treatment  for  this  alloy  consists  of 
normalizing  at  1172115  Kfor  1  hour  per  25  mm  of 
cross  section,  cooling  in  air  to  room  temperature, 
heating  to  1103±15  K  for  1  hour  per  25  mm  of 
cross  section,  quenching  in  oil  or  water, 
treating  at  198±10  K  f°r  1-2  hours  within  2 
hours  after  quenching,  and  tempering  at  825+ 

10  K  for  4  hours.  AMS  6523  does  not  require 
low  temperature  treatment. 

Room  Temperature  Properties 

Room  temperature  mechanical  and  physical 
properties  are  shown  in  Table  2.4.2.0(b). 

2.4. 2.1  Heat  Treated  Condition.  — Effect  of  tem¬ 
perature  on  various  mechanical  properties  are 
presented  in  Figures  2.3.2.1.1(a)  through 
2.4.2. 1.4. 


Table  2.4.2.0(a). 

Material  Specification  for 
9NU4C0-.20C  Steel 

Specification 

Form 

AMS  6523 

Sheet,  strip,  and  plate 

Typical  tensile  stress-strain  curves  at  room  and 
elevated  temperatures  are  shown  in  Figure 
2.4.2.1.6(a).  Typical  compression  stress-strain 
and  tangent  modulus  curves  are  presented  in 
Figure  2.4.2.1.6(b). 
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TABLE  2.4. 2.0 <81.  DESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 

$NI-4C0r.2QC  STEEL  (PLATE! 


F  SO.  MPA .  821 


FBRU.  MPA  I 
<E/0=1.5> 
<E/0=2.0> 


PHYSICAL  PROPERTIES: 

OMEGA.  MG/M3.  . .  7.63 

C.  J/(G*K) . 

K.  H/(H*K) .  277  (297  K) 

ALPHA,  10-6  M/(M*K)..  11.  5  (294  TO  366  K) 

a THESE  DESIGN  ALLOWABLE  PROPERTIES  ARE  APPLICABLE  ONLY  WHEN  THE  INDICATED  FTU 
HAS  BEEN  SUBSTANTIATED  THROUGH  AOEQUATE  QUALITY  CONTROL  INSPECTION  TESTING. 
”  THESE  DESIGN  ALLOWABLE  PROPERTIES  ARE  APPLICABLE  ONLY  TO  MATERIAL  FOR  WHICH 
THE  HEAT  TREAT  FROCEOURE  INCLUDES  SUBZERO  TREATING  AT  200  t  11  K  FOR  1-2 
HOURS  AFTER  OIL  QUENCHING.  SPECIFICATION  AMS  6523  DOES  NOT  REQUIRE  SUBZFRO 
TREATMENT. 

C  TEST  DIRECTION  LONGITUDINAL  FOR  WIDTHS  LESS  THAN  228.6  MMJ  TRANSVERSE  FOR 
WIDTHS  226.6  MM  ANO  OVER. 


Percent  F.  at  Room  Temperature  Pet  cent  F.  at  Room  Temperature 
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FIGURE  2.4.2.1.1(a).  Effect  of  temperature  on  the 

ultimate  tensile  strength 
(FCu)  of  9Ni-4Co-.20C  steel 
(plate) . 


— !■*■■■**■■■**■■■**■■ ■■■■■■*■■■ 

'•■■■■■JJ5j2.*a|a^551BBB*BBa**aaBBaaBBaBB,aBa,BaaaaBaBBaBBBBaBaaBaBaaBaBaaBBBBaBB 

!2!!2!2J22!5252S2225!2bb2!!SiIb,,bb2bbb,,b!b2"Bbbbbbb,,*bbbbb,,*b»“»bb"««*b«»««*««"« 

222222222222222222222222225225iirB222BBB!BB*BBBBB,,BBBBB,,l,BI,M»"BBBBB»»BB»B*B««* 

■222222f222f222!2222222222!22!552&Z122B,,!2B*,,BBB,,BBBBB,,,,,,,,l,,,BBBB*,BB|,BBBB>,BBB««" 

2222ff2f22f22f2222222222222BBBBB2BBfc 

■BR8BRRRaaRaBaaRaaaaRBaaaaBaaBaaaBaR8v^BaaBaBBHBaaaaaaaaaBaBRaaaaB8aaBRaaBBaBaaa 

I::::::::::::::::::::::::::::::::::::::.”::::::::::::::::::::::::”::::::::::: 

. . 


. . . . .  I  ,  . 

!!!!!a!!!aaaIaaaIaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 

. . . . . . . 


i!I!!!!!!!!!!!"!!!!“"**’"""*""*aaa'"”"aa""aaaaa5aaaaaa5aaaaaaaaaaaaaaal 

!2!2222222!222ll!2!aBBBBB,IIIBBBBBBB5aBBBBBBBBBaBB>»BBBBBB«B»»BB«aaaBaaaaaBBa2aa 

!2!222a!2BB2BBIIBBBaaaaaiiaBBa88BBaiaaBRBaBBBBBaaaaBBBBaaaaaBBBBaaaaRBBaBaaBaBiSa 

;Hiaaa;H;;;;nia;aaaaa»a;»a»aaaH;ii;iM»aa»»»a»»ii»»a»aSaaaaaaaaa«».»»..., 


fWVWVVVVVVVVaiiiiaiimiiiiiuiiiiiimiiuii 

. . . 

•■■■■■■■■■■■■BaRaRaRRRRaRRRaaaBaBRaBRRRBRBRaRRR 

.  . . . . . 

IRRBRBaRBR RaBRBRBRHB  BaRBaRRaBaBHBBBBRRaa  RBaBHBI 
B8BB88RBBBBBRBBBaRBBHBBBBHHBBRBBRRBB8BBBRBBBBBR 

!252!!255bbbbbbb,ib,,bbbbbb,,bbb,,,,bbbbb,,bb“  ■■■■•■■ 

a  a  t  a  a  a  a  a  aa  a  a  a  a  a  a  a  r  a  a  a  a  a  a  a  a  ■  a  a  a  a  a  b  a  a  a  a  a  a  a  a  a  a  a  a  a  a  IVVViiVVVIVVViiiVVVVViiiMi^niV 

::::::::::i:s:::::::!!!!:!n!!!!!£!!aaa:!!aaaa!;aa!aa!aaaaaaaaaaaaaaaaaaaaaaaa! 
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FIGURE  2.4.2.1.1(b).  Effect  of  temperature  on  the 

tensile  yield  strength  (Fty) 
of  9Ni-4Co-.20C  steel  (plate). 
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Strength  at  temperature 
Exposure  up  to  j  hr 
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FIGURE  2.4.2.1.2(b).  Effect  of  temperature  on  the 

ultimate  shear  strength  (Fsu) 
of  9Ni-4C0-.20C  steel  (plate). 
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FIGURE  2. 4. 2. 1.4.  Effect  of  temperature  on  the 
tensile  and  compressive 
moduli  (E  and  Ec)  of  9Ni-4Co 
.  20C  steel  (plate). 
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2.4.3  9Ni-4Co-.30C 


2. 4, 3.0  Comments  and  Properties.  — The 
9Ni-4Co-.30Calloywasdeve!oped  specifically  !;• 
have  high  hardenability  and  good  fracture  to:i§' 
ness  when  heat  treated  to  1520-1655  MPie,.  ..  ti 
tensile  strength.  The  alloy  is  through  hardening  m 
section  sizes  up  to  150  mm  thick.  The  alloy  may 
be  exposed  to  temperatures  up  to  755  ^approx¬ 
imately  55  K  below  typical  tempering  tem¬ 
perature)  without  inicrostructural  changes  which 
degrade  strength.  This  grade  must  be  formed  and 
welded  in  the  annealed  condition.  Preheat  and 
post  heat  of  the  weldment  is  required.  The  steel  is 
produced  by  consumable  electrode  vacuum  '  ’cit¬ 
ing. 

Materials  specifications  for  9Ni-4Co-.30C  steel 
are  presented  in  Tabic  2.4.3.0(a). 


TABLE  2.4.3.0(a).  Material  Specifications  for 
9Ni-4Co-.30C  Steel 

Specification 

Form 

AMS  6524 

Sheet,  strip,  and  plate 

AMS  6526 

Bars,  forgings,  and  tubing 

The  heat  treatment  for  this  alloy  consists  of 
normalizing  at  1172+15  K  for  1  hour  per  25  mm  of 
section,  cooling  in  air  to  room  temperature, 

.i.i ing  to  H16±15  K  for  1  hour  per  25  mm  of 
v.  action  but  not  less  than  1  hour,  oucnching 
.  >•  or  water,  treating  atl94  K  for  1-2 

.ours,  and  double  tempering  at  797±5  K.  (sheet, 
strip,  and  plate)  or  811+5  K  (bars,  forgings, 
and  tubing)  for  2  hours.  The  AMS  specifications 
j  not  require  the  low  temperature  treatment. 

Room  Temperature  Properties 

The  room  temperature  mechanical  and  physi¬ 
cal  properties  are  shown  in  Table  2.4.3.0(b). 

2.4.3. 1  Heat  Treated  Condition .  — Effect  of  tem¬ 
perature  on  various  mechanical  properties  are 
presented  in  Figures  2.4.3.1.1(a)  through 
2.4  3.1.4.  Typical  stress-strain  and  tangent- 
modulus  curves  are  presented  in  Figures 
2.4.3. 1.6(a1  through  (d). 

Notched  fatigue  data  at  room  temperature  are 
illustrated  in  Figure  2.4.3. 1.8. 
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TABLE  2. 4«3.0 (9) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
9NI-4CO-.30C  STEEL 


SPECIFICATION . 

AMS 

6524 

AMS  6526 

FORM . 

SHEET.  STRIP31.  ANO  PLATE 

BARS,  FORGTNGS  AND  TUBING 

CONDITION . 

QUENCHED  ANO  TEM PERFQ 

QUENCHED  ANO  TEMPERED 

THICKM  ss,  mm . 

<6.33u 

i&.34b  j 

<  152. 4d> 

BASIS. . . 

S 

S 

- s 

MECHANICAL  PROPERTIES! 

FTU,  MPA! 

1 . . . 

i 

•  •  • 

•  •  • 

1520 

LT . 

1520 

1520 

•  •  • 

FTY,  MPA! 

L . 

•  •  • 

•  •  • 

1310 

LT . . . 

1280 

1310 

•  •  • 

FCY  ,  MPA  I 

L . 

•  •  • 

•  •  • 

144  0 

LT...  .a . 

*»  %  • 

1440 

•  •  • 

FSU,  MPA . 

•  «  • 

945 

945 

FBRU^,  MPA! 

<E/D=1.5) . . 

•  •  • 

2390 

2390 

<E/O=2.0) ......... 

FBRY  ,  HPA! 

<E/D=1.5) . 

•  •  • 

3030 

3030 

l 

•  •  • 

2010 

2010 

CE/D=2.0).... . 

•  «  • 

2220 

l  2220 

EL.  PERCENT! 

L . 

1 

•  •  • 

O  •  • 

10 

LT . 

6 

10 

... 

E.  GPA . . 

196. 

5 

EC.  GPA . 

205. 

5 

G,  GPA . . 

MU . 

•  •  • 

•  •  • 

PHYSICAL  PROPERTIES  I 

OMEGA,  MG/H3 . 

7. 

75 

il*.  J/(G*K> . 

X<  ¥! (M*K) . . . . 

277  (297  K) 

ALPHA,  10-6  M/<M*tO.. 

11. 

3  (294  TO  366  K) 

a  TEST  DIRECTION  LONGITUDINAL  FOR  WIDTHS  LESS  THAN  228.6  MM?  TRANSVERSE  FOR 
.  WIDTHS  228.6  MH  AND  OVER. 


VALUES  IN  THESE  COLUHNS  ARE  APPLICABLE  ONLY  WHEN  THE  INDICATED  FTU  HAS  BEEN 

substantiated  through  aoequate  quality  control  inspection  testing. 

THESE  DESIGN  ALLOWABLE  PROPERTIES  ARE  APPLICABLE  ONLY  TO  MATERIAL  FOR  WHICH 
THE  HEAT  TREATMENT  PROCEDURE  INCLUDES  SUBZERO  TREATING  AT  200  K  FOR  2 
HOURS  AFTER  OIL  QUENCHING.  SPECIFICATION  AMS  6524  DOES  NOT  REQUIRE  SUBZERO 
TREATMENT. 

BEARING  VALUES  ARE  ORY  PIN  VALUES  PER  SECTION  1.4. 7.1. 
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Temperature,  K 

FIGURE  2.4.3, 

.1.1(a).  Effect  of  temperature  on  the  ultimate 
tensile  strength  (Ftu)  of  9Ni-4Co-.30C 
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FIGURE  2.4.3.1.3(a).  Effect  of  temperature  on  the  ultimate 

bearing  strength  (Fbru)  of  9Ni-4Co-.30C 
steel. 
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Percent  Fhru  at  Room  Temperature 
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FIGURE  2.4.3.1.3(b).  Effect  of  temperature  on  the  bearing 

yield  strength  (Fbry)  of  9Ni-4Co-.30C 
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FIGURE  2. A. 3.1. A.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  Ec)  oZ  9Ni~ACo 
.30C  steel. 
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FIGURE  2.4.3.1.6(c).  Typical  compressive  stress-strain  and  tangent-modulus 

9Ni-4Co- . 30C  steel  (billet)  at  various  temperatures. 
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f.(b).  Typical  full  range  tensile  stress-strain  curves  for  9Ni--4Co-.'VX  (billet) 


FIGURE  2.4.3.1.6(d).  Typical  full  range  tensile  stress-strain  curves  for  9Ni-4Co0.30C  (billet)  at 


Minimum  Stress,  MPa 


FIGURE  2. 4. 3. 1.8.  Typical  constant-life  fatigue  dlagraa  for  notched 
9Ni-4Co-.3ft  C  steel  (billet)  at  roon  tenperaturc 


Correlative  Information  for  Figure  2.4.3. 1.8 


Product  Form:  76  x  229  ran  forged  billet 


Properties: 


TUS.  MPa 
1590 
2440 


TYS.MPa  Temperature,  K 

136(T~  RT  (Unnotched) 

—  RT  (Notched) 


Test  Parameters: 
Loading:  Axial 
Frequency:  1800  cpm 
Temperature:  RT 
Environment:  Air 


Specimen  Details: 


Notched,  V-Groove  Ki  =3.0 
8.99  ran  gross  diameter 
6.35  mm  net  diameter 
0.25  mm  root  radius 
60°  flank  angle,  <u 


Surface  Condition:  Not  specified. 


2.5  High  Alloy  Steels 

2.5.0  Comments  on  High  Alloy  Steels. 

The  high  alioy  steels  in  this  section  are  those 
steels  that  are  substantially  higher  in  alloy  con¬ 
tent  than  the  intermediate  alloy  steels  described 
in  Section  2.4  but  are  not  stainless  steels.  Typical 
of  the  high  alloy  steels  is  the  18  Ni  maraging 
steels. 

2.5.0. 1  Metallurgical  Considerations.  — The  18 
Ni  maraging  steels  are  iron  base  alloys  with 
nominally  18%  nickel,  7-9%  cobalt,  3-5%  molyb¬ 
denum,  less  than  1%  titanium,  and  very  low 
carbon  content,  below  0.03'J  .  Upon  cooling  from 
the  annealing  or  hot  working  temperature,  these 
steels  transform  to  a  soft  martensite  which  can  be 
easily  machined  or  formed.  The  steels  can  be  sub¬ 
sequently  aged  (maraged)  to  high  strengths  by 
heating  to  a  low  temperature,  900  F. 

2.5.1  18  Ni  Maraging  Steels 

2.5. 1.0  Comments  and  Properties. — The  250 
and  280  (300)  maraging  steels  are  normally 
supplied  in  the  annealed  condition  and  are 
heat  treated  to  high  strengths,  without  quench¬ 
ing,  by  aging  at  755  K  for  3  hours.  The  steels 
are  characterized  by  high  hardenability  and 
high  strength  combined  with  good  toughness. 
The  250  and  280  (300)  designation  refers  to 
the  nominal  yield  strengths  of  the  two  alloys. 
Only  the  consumable  electrodc-vacuum- 
melted  quality  grades  are  considered  in  this 
section.  The  applicable  material  specifications 
for  these  steels  are  shown  in  Table  2.5.1.0(a). 


Table  2.5.1.0(a).  Material  Specifications  for  18  Ni 
Maraging  Steels 


Grade 

Specification 

Form 

250 

AMS  6512 

Bar 

280  (300) 

AMS  6514 

Bar 

The  two  alloys  are  available  in  the  form  of 
sheet,  plate,  bar,  and  die  forgings  although  only 
bar  is  covered  in  this  section. 

Manufacturing  Considerations.  —  The  250  and 
280  grades  ore  readily  hot  worked  by  conven¬ 
tional  rolling  and  forging  operations.  These 
grades  also  have  good  cold  forming  charac¬ 
teristics  in  spite  of  the  relatively  high  hardness  in 
the  annealed  (martensitic)  condition.  The 
machineability  of  the  250  and  280  grades  is  not 
unlike  4330  steel  at  equivalent  hardness.  The  18 
Ni  maraging  steels  can  be  readily  welded  in  either 
the  annealed  or  aged  conditions  without  preheat¬ 
ing.  Welding  of  aged  material  should  be  followed 
by  aging  at  755  K  to  strengthen  the  weld  area. 

Environmental  Considerations. — Although  the 
18  Ni  maraging  steels  are  high  in  alloy  content, 
these  grades  are  not  corrosion  resistant.  Since  the 
general  corrosion  resistance  is  similar  to  the  low 
alloy  steels,  these  steels  require  protective  coat¬ 
ings.  The  250  grade  reportedly  has  better  re¬ 
sistance  to  stress  corrosion  cracking  than  the  low 
alloy  steels  at  the  same  strength. 

Room  Temperature  Properties 

The  room  temperature  properties  for  material 
aged  at  755  K  are  shown  in  Table  2.5.1.0(b)  and 
the  effect  of  temperature  on  physical  properties  is 
shown  in  Figure  2.5. 1.0. 

2. 5. 1.1  Maraged  Condition  (aged  at  755  K) . 
Effect  of  temperature  curves  for  250  and  280 
grade  maraging  steels  are  presented  in  Figures 
2.5.1.1.1(a)  through  2.5.1. 1.4. 

Figures  2.5.1.1.6(a)  and  (b)  are  room  and  ele¬ 
vated  temperature  tensile  stress-strain  curves. 
Typical  compressive  stress-strain  and  tangent- 
modulus  curves  at  room  temperature  are 
presented  in  Figures  2.5.1.1.6(c)  and  (d).  Figure 
2.5.1.1.6(e)  is  a  full-range  stress-strain  curve  at 
room  temperature  for  280  grade  maraging  steel. 
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FIGURE  2.5.1.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  250  and  280 
maraging  steel. 
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Percent  Ftv  at  Room  Temperature 
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n  (200  K)  =  19 
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n  (700  K)  =  12 
n  (811  K)  =  11 
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Strain,  0.001  m/m 


FIGURE  2.5.1.1.6(b) 


Typical  tensile  stress-strain  curves  at  room  and 
elevated  temperatures  for  280  maraging  steel 
(bar) . 
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Strain,  0.001  m/m 


Compressive  Tangent  Modulus,  GPa  (x  10) 

Typical  compressive  stress-strain  and  tangent-modulus 
curves  for  250  maraging  steel  (bar)  at  room  temperature 


FIGURE  2.5.1.1.6(c). 
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Strain,  0.001  mm/mm 


Compressive  Tangent  Modulus,  GPa  (x  10) 


FIGURE  2.5.1.1.6(d). 


Typical  compressive  stress-strain  and  tangent-modulus 
curves  lor  280  maraging  steel  (bar)  at  room  temperature 


Stress,  MPa 


FIGURE  2.5.1.1.6(e).  Typical  tensile  stress-strain  curve  (full  range)  for  280 

maraging  steel  (bar)  at  room  temperature. 


2.6  Precipitation  and  Transformation-Hard¬ 
ening  Steels  (Stainless) 

2.6.0  COMMENTS  ON  PRECIPITATION 
AND  TRANSFORMATION-HARD¬ 
ENING-STEELS  (STAINLESS) 

2.6.0. 1.  Metallurgical  Considerations. — The 
transformation  and  precipitation-hardening 
stainless  steels  are  martensitic  or  semiaustcnitic 
stainless  steels  that  arc  hardenable  by  heat  treat¬ 
ment.*  The  martensitic  alloys  require  only  a 
single  step  heat  treatment  to  develop  maximum 
strength.  The  others  are  austenitic  in  the  fully  an¬ 
nealed  condition  but  become  martensitic  during 
subsequent  heat  treatment  or  as  a  result  of  exten¬ 
sive  cold  working.  During  a  final  heat  treatment 
designed  to  temper  the  martensite,  several  of 
these  steels  are  hardened  further  by  the  precipita¬ 
tion  of  copper,  aluminum,  or  titanium. 

Some  dimensional  change  may  be  experienced 
during  the  heat  treatment  of  the  semiaustenitic 
steels.  A  dimensional  expansion  of  approximately 
0.0045  m/m  occurs  during  the  transfor¬ 
mation  from  the  austenitic  to  the  martensitic  con¬ 
dition;  during  aging,  a  contraction  of  about 
0.0005  metre  per  metre  takes  place. 

2. 6. 0.2  Manufacturing  Considerations. — The 
martensitic  precipitation-hardening  steels,  before 
age  hardening,  are  similar  to  the  straight- 
chromium  martensitic  stainless  steels  (type  4 1 0  or 
431)  in  their  general  fabricating  characteristics. 
The  semiaustenitic  grades,  in  the  annealed  condi¬ 
tion.  are  similar  to  the  austenitic  stainless  steels 
(types  301,  etc.)  in  this  respect,  and  are  readily 
cold  formed.  Forming  of  hardened  steels  after 
final  heat  treatment  should  be  avoided. 

These  alloys  can  be  welded  by  the  conventional 
methods  used  for  the  austenitic  stainless  steels. 
Inert-gas-shielded  welding  is  recommended  to 
prevent  the  loss  of  titanium  or  aluminum  in  cer¬ 
tain  of  these  alloys.  Postweld  annealing  is  recom¬ 
mended  for  some  grades. 

The  heat  treatments  for  these  steels  are  com¬ 
patible  with  the  cycles  used  for  honeycomb  panel 
brazing.  Vapor  blasting  of  scaled  parts,  after  final 

*Hcjt  treating  procedures  for  these  steels  are  specified  in  MIL 
H  OS'1?  and  arc  further  described  in  producers'  literature. 


heat  treatment,  is  recommended  because  of  the 
hazards  of  intergranular  corrosion  in  inade¬ 
quately  controlled  acid  pickling  operations. 

2. 6. 0.3  Environmental  Considerations. — The 
precipitation-hardening  stainless  steels  have  good 
strength  and  oxidation  and  corrosion  resistance  in 
their  service  range.  Prolonged  exposures  above 
589  K  and  below  the  tempering  range  may  cause 
further  hardening,  with  possible  decrease  in  duc¬ 
tility.  Prolonged  exposures  in  or  above  the  tem¬ 
pering  range  result  in  loss  of  strength  due  to  over- 
tempering,  overaging,  or  reaustenitizing. 

2.6.1  AM -350 

2.6. 1.0  Comments  and  Properties. — AM-350 
has  high  strength  up  to  700  K  and  good  oxidation 
resistance  up  to  about  811  K.  The  alloy  can  be 
hardened  by  subzero  cooling  and  tempering 
(Condition  SCT). 

Material  specification  for  AM-350  stainless 
steel  is  presented  in  Table  2.6.1.0(a). 

TABLE  2.6.1.0(a).  Material  Specification  for 
AM-350  Stainless  Steel 

Specification  Form 

AMS  5548  Sheet  and  strip 

Manufacturing  Considerations. — AM-350  is 
readily  formed,  welded,  and  brazed.  Its  forming 
characteristics  are  similar  to  the  AISI  300  series 
stainless  steels,  however,  it  does  have  a  higher 
rate  of  strain  hardening.  When  fabricating 
AM-350  in  the  annealed  condition,  proper  design 
allowance  must  be  made  for  growth  which  occurs 
upon  hardening. 

To  obtain  proper  response  to  the  SCT  treat¬ 
ment  after  welding,  the  alloy  must  be  reannealed. 

Environmental  Considerations. — AM-350 
shows  good  corrosion-resisting  properties  in  or¬ 
dinary  atmospheres  and  also  in  a  number  of 
chemical  environments. 

Exposure  in  the  589  to  700  K  range  for  1,000 
hours  at  stress  levels  below  the  short-time  yield 
strength  tends  to  increase  room-temperature  yield 
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strength  and  room-temperature  tensile  strength  perature  physical  property  information. 
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slightly.  Exposure  at  700  K  results  in  a  decrease  in 
elongation.  Typical  data  arc  presented  in  Table 
2.6.1.0(b). 

Room-Temperature  Properties 


2.6. 1.1  SCTSW  Condition. — Effect  of  tem¬ 
perature  curves  on  various  mechanical  properties 
of  AM-350  ir.  this  condition  arc  presented  in 
Figures  2.6. 1 . 1 . 1  (a)  through  2.6. 1.1.4. 


The  room-temperature  properties  of  AM-350  Typical  stress-strain  and  tangent  modulus 
in  the  SCT  850  condition  arc  shown  in  Table  curves  at  several  temperatures  are  shown  in 

2.6.1.0(c).  Figure  2.6. 1.0  presents  elevated  tern-  Figures  2.6.1.1.6(a)  through  (b). 

TABLE  2.6.1.0(b).  Effect  of  Elevated  Temperature  Exposure  on  Typical  Tensile 
Properties  of  AM-350  Alloy  in  the  SCT850  Condition 


Exposure  Exposure 

Exposure  temp.,  K  j  stress,  MPa  time,  hr 


Room  temperature  properties 


TUS,  MPa  TYS,  MPa 
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FIGURE  2. 6. 1.0.  Effect  of  temperature  on  the  physical  properties 
of  AM- 350  stainless  steel. 
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TA8LE  2. 6.1.0 (C».  DESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 
AM-350  STAINLESS  STEEL  (SHEET  AND  STRIP) 


SPECIFICATION . 

AMS  5548 

FORH . . 

SHEET  ANO  STRIP  a 

CONDITION . 

SCT850 

THICKNESS,  MM . 

<_  4. 75 

BASIS . 

V 

(CCHANIC AL  PROPERTIES) 

FTU,  MPA  I 

L . 

e«* 

T . 

1280 

FTY,  MPA) 

L . 

•  •  • 

T . 

1 03Q 

FCY,  HPA ) 

. . 

•  •  • 

T .  i 

1090 

FSU,  MPA . 

627 

FBRU,  MPA) 

(£/0= 1.5) . 

2100 

(E/0=2.D> . 

2550 

F8RY,  MPA) 

(E/0= 1.5) . 

1550 

(E/D=2. 0) . 

1700 

EL,  PERCENT) 

L . 

T . 

10b 

E,  gpa .  ; 

200.0 

EC,  GPA . 

206.8 

G,  GPA . 

75.  8 

MU . . 

0.32 

PHYSICAL  PROPERTIES) 

OMEGA,  MG/M3 . 

•0 

• 

rw 

C,  J/ (G*K) . 

‘ H/  <M*K) . . 

SEE  FIGURE  2. 6. 1.0 

ALPHA,  10-6  M/CM*K).. 

SEE  FIGURE  2. 6. 1.0 

“TEST  OIRECTICN  LONGITUDINAL  FOR  WIDTHS  LESS  THAN  226.6  MM  i  TRANSVERSE  FOR 
WIDTHS  228.6  MM  ANO  OVER. 


Elongation  is  a  percent  for  sheet  thicknesses  in  the  range  0.254  to  1.37  mm 
INCH.  LISTED  VALUE  IS  FOR  THICKNESSES  >1.27  MM. 
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FIGURE  2.6.1.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ft  )  of  AM-350 
(SCT850)  stainless  steel. 
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FIGURE  2.6.1.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (F  )  of  AM-350  (SCT850) 
stainless  steel* 
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1GURE  2.6.1.1.2(a).  Effect  of  temperature  on  the  compressive 

yield  strength  (F  )  of  AM-350  (SCT850) 
stainless  steel. 
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FIGURE  2.6.1.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (F  .  )  of  AM- 350 
(SCT850)  stainlessUsteel. 
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:GURE  2.6.1.1.3(a). 


Effect  of  temperature  on  the  ultimate 
bearing  strength  (F|.ru)  of  AM- 350 
(SCT850)  stainless  steel. 
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FIGURE  2.6.1.1.3(b).  Effect  of  temperature  on  the  bearing 

yield  strength  (F^  )  of  AM-350  (SCT850) 
stainless  steel.  y 
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2.6.2  AM-355 

2. 6.2.0  Comments  and  Properties. — AM-355, 
like  AM-250,  has  high  strength  up  to  700  K  and 
good  oxidation  resistance  up  to  800  K.  The 
AM-355  alloy  is  generally  hardened  by  subzero 
cooling  and  tempering  (Condition  SCT). 

AM-355  is  available  in  all  mill  products.  The 
manufacturing  considerations  for  AM-355  are 
similar  to  those  for  AM-350.  Machining  of 
AM-355  bars  and  forgings  is  best  accomplished 
after  overtempering  at  811  to  866  K. 

The  differences  between  AM-350  and  AM-355 
are  a  result  of  higher  carbon,  lower  chromium, 
and  reduced  delta  ferrite  in  AM-355.  This 
difference  in  composition  makes  AM-355  slightly 
stronger  but  slightly  less  corrosion  resistant  than 
AM-350. 

Material  specifications  for  AM-355  are 
presented  in  Table  2.6.2.0(a). 

Environmental  Considerations. — Exposure  in 
the  589  to  700  K  range  for  100  hours 
at  stress 


T Allt.l:  2.6.2.0(a).  Material  Specifications  for 
AM-355  Stainless  Steel 


Specification 

Form 

AMS-5547  _ 

Sheet  ai  •<  strip 

AMS-5549  _ 

Plate 

AMS-5743  _ 

Bars,  forgings  and  forging 

stock 

levels  below  the  short  time  yield  strength  tends  to 
increase  room-temperature  yield  strength  and 
room-temperature  tensile  strength  slightly,  with 
little  change  in  elongation.  Typical  data  are 
shown  in  Table  2.6.2.0(b). 

Room-Temperature  Properties 

The  room-temperature  properties  of  AM-355 
SCT  are  shown  in  Tables  2.6.2.0(c)  and  (e).The 
phy.ical  properties  of  this  alloy  at  room  and  ele¬ 
vated  temperatures  are  presented  in  Figure 
2.6.2.O. 

2.6.2. 1  SCT  Condition. — Elevated-temperature 
properties  for  AM-355  in  the  SCT  (subzero 
cooled  and  tempered)  condition  are  presented  in 
Figures  2.6.2.1.1(a)  through  2.6.2. 1.4. 


TABLE  2.6.2.0(b).  Effect  of  Elevated  Temperature  Exposure  on  Typical  Tensile 
Properties  of  AM-355  Alloy  in  the  SCT850  Condition 


Exposure  temp.,  K 


Exposure 
stress;  MPa 

Exposure 
time,  hr 

455 

loco 

448 

1000 

427 

1000 

683 

1000 

169 

1000 

641 

1000 

Room  Temperature  Properties 


TABLE  2.6.2.0(d). 


Elongation  Values  for  AM-355 
Stainless  Steel  (SCT850) 


Thickness,  mm 


e,  percent 
in  51  mm 


0.013  to  0.038  . 

Over  0.038  to  0.051 
Over  0.051  to  0.127 
Over  0.127  to  0.250 
Over  0.250  to  A. 762 


TABLE  2.  6.2.0  (C) 


OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OP 
AM-355  STAINLESS  STEEL 


SPECIFICATION . .  . 

AMS  554  7 

FORM . 

SHEET  ANO  STRIP* 

BARS  ANO  FORGINGST 

CONDITION . 

!  SCT  850L 

SCT  1000  i 

SCT850“ 

SCT1000 

THICKNESS,  MM . . 

HVlfTaHMl 

•  •  • 

•  •  « 

•  •  • 

•  •  • 

BASIS . 

s 

S 

s 

MECHANICAL  PROPERTIES! 

FTU,  MPA l 

L . 

•  1  • 

1380 

1170 

T . . . 

1310 

•  •  4 

•  •  • 

FTY,  MPA! 

L . 

•  »  « 

1140 

T.  . . 

1140 

965 

•  •  • 

•  •  • 

FCY,  MPA! 

L . 

•  •  • 

•  •  • 

•  •  • 

1  •  « 

T . 

1230 

1030 

•  •  « 

•  •  « 

FSU,  HPA . 

848 

736 

•  •  • 

•  •  • 

FBRU,  MPA! 

(E/D= 1. 5) . 

2160 

I860 

•  •  • 

•  •  • 

(E/D=2. 0) . 

2  62  A 

2280 

•  •  4* 

•  •  • 

FBRY ,  MPA! 

(E/0= 1.5) . 

1700 

1450 

•  •  • 

•  •  t 

(E/0=2.G) . 

1680 

1590 

•  •  9 

•  •  « 

EL,  PERCENT! 

L . 

•  •• 

•  •  • 

10 

12 

V . . . . 

d 

10 

•  •  • 

•  •  • 

E,  GPA, 
EC.  GPA. 
G.  GPA c . 
MU...... 


200.0 

200.0 

75.8 

0.32 


PHYSICAL  PROPERTIES! 

OMEGA.  MG/M3 . . 

C.  J/(G*K) . . 

K.  W/IM^K) . 

ALPHA.  10-6  M/(H*K).. 


7.81 

... 

SEE  FIGURE  2. 6. 2.0 
SEE  FIGURE  2.6. 2.0 


aTEST  DIRECTION  LONGITUDINAL  FOR  WIOTHS  LESS  THAN  228.6  MH  {  TRANSVERSE  FOR 
WIDTHS  228.6  MM  AND  OVER. 

“TEST  DIRECTION  LONGITUDINAL  5  NOT  APPLICABLE  FOR  SHORT  TRANSVERSE  (THICKNESS) 
DIRECTION. 

cNOTE  I  CONDITION  SCT05O  HAS  BEEN  SUPERSEDED  8Y  CONDITION  SCT1000  IN  THE 

APPLICABLE  SPECIFICATIONS.  THE  TENSILE  PROPERTIES  IN  THESE  COLUMNS  ARE  THE 
VALUES  PREVIOUSLY  SPECIFIED  FOR  CONDITION  SCT850. 

“SEE  TABLE  2.6.2.0(D). 


TABLE  2*  6.2*0  (El •  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
AM-355  STAINLESS  STEEL  (PLATE) 


SPECIFICATION 

RM . . 

CO  NOIT ION.. .. 
THICKNESS,  MM 


MECHANICAL  PROPERTIES) 
FTU,  MPA t 


FTY,  MPA) 


FCY,  MPA) 


F SU t  M PA  •  •  •  «  < 
F8RU,  MPA) 
(E/D=i.  5) . 
(E/0=  2. 0 ) 
FBRY ,  MPA) 
(E/0=1.5>  , 
(E/0=  2.0) 
EL,  PERCENT! 
L. ........ 

T . . 

E,  GPA . . 

EC,  GPA.  ..... 
G*  GPA....... 


PHYSICAL  PROPERTIES) 

OMEGA,  MG/M3 . 

C,  J/(G*K> . 

K,  M/(H*K) . 

ALPHA,  10-6  M/(M*K).. 


<9.52 

S" 


AMS  5549 


_ PLATE _ 

SCT85CP>b~ 


9. SE¬ 
ES. 40 


SCT  io'oo'b 


>25.40 


200.0 

200.0 

75.8 

0.32 


SEE  FIGURE  2. 6. 2.0 
SEE  FIGURE  2.6. 2.0 


NOTE!  CONDITION  SCT850  HAS  BEEN  SUPERSEDED  BY  CONDITION  SCT1000  IN  THE 

APPLICABLE  SPECIFICATIONS.  THE  TENSILE  PROPERTIES  IN  THESE  COLUMNS  ARE  THE 
VALUES  PREVIOUSLY  SPECIFIED  FOR  CONDITION  SCTS50. 

TEST  DIRECTION  LONGITUDINAL  FOR  WIDTHS  LESS  THAN  228.6  MM!  TRANSVERSE  FOR 
WIDTHS  22e.5  MM  AND  OVER. 

AS  AGREED  UPON  BY  PURCHASER  AND  VENDOR, 


Percent  F  at  Room  Temperature  g  Percent  R  at  Room  Temperature 
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GURE  2.6.2.1.1(a). 


Effect  of  temperature  on  the  ultimate 
tensile  strength  (Ftu)  of  AM-355  (SCT) 
stainless  steel. 
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FIGURE  2.6.2.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (F  )  of  AM- 355  (SCT) 
stainless  steel. 
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FIGURE  2.6.2.1.2(a).  Effect  of  temperature  on  the  compressive 

yield  strength  (F  )  of  AM-355  (SCT) 
stainless  steel.  Cy 
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FIGURE  2.6.2.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (F  )  of  AM-355  (SCT) 
stainless  steel. 
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FIGURE  2.6.2.1.3(a) 


Effect  of  temperature  on  the  ultimate 
bearing  strength  (F^  )  of  AM-355  (SCT) 

stainless  steel. 
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FIGURE  2.6.2.1.3(b) 


Effect  of  temperature  on  the  bearing 
yield  strength  (F^r  )  of  AM-355  (SCT) 
stainless  steel.  y 
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FIGURE  2.6.2. 1.4.  Effect  of  temperature  on  the  tensile  modulus 
(E)  of  AM- 355  (SCT)  stainless  steel. 
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2.6.3  Custom  450 


2.6.3.0  Comments  and  Properties.  — Custom 
450  is  a  martensitic,  precipitation-hardening 
stainless  steel  used  fur  parts  requiring  corrosion 
resistance  and  high  strength  at  temperatures  up  to 
700  K  for  aged  conditions.  It  is  normally  pro¬ 
duced  by  air  melting  and  is  available  in  the  form 
of  forgings,  billet,  bar,  wire,  strip  and  welded  tub¬ 
ing. 

A  material  specification  for  Custom  450  is 
shown  in  Table  2.6.3.0(a). 

Table  2.6.3.0(a).  Material  Specification  for 
Custom  450  Stainless  Steel 


Specification 

Form 

AMS  5763 

Bars,  forgings,  tubing, 

wire  and  rings 

Manufacturing  Considerations. — Custom  450 
is  normally  supplied  and  fabricated  in  the  solu¬ 
tion  annealed  condition  except  wire  for  cold 
heading  is  supplied  in  the  over-aged  condition. 
Forming,  machining,  and  joining  operations  are 
similar  to  those  employed  for  other  precipitation 
hardening  stainless  steels. 

Heat  Treatment.  —  Among  the  alloys  of  its 
type,  Custom  450  is  the  only  one  recommended 
for  use  in  the  solution  annealed  condition  at  tem¬ 
peratures  up  to  533  K.  The  alloy  can  also  be  heat 
treated  to  several  strength  levels.  The  heat  treat¬ 
ment  of  Custom  450  is  as  follows: 


Operation  Condition 

Solution  1311  +  5  K,  1  hr.,  A 

Anneal  rapid  cool 


Hardening  755  +  8  K,  4  hrs.,  H900 
air  cool 


P39  +  8  K,  4  hrs.,  H1050 
air  cooi 


In  all  heat  treat  conditions,  Custom  450  has  ex¬ 
cellent  ductility  and  toughness.  Cryogenic  prop¬ 
erties  are  optimum  in  the  overaged  H 1 1 50  condi¬ 
tion.  Maximum  strength  is  achieved  with  the  755 
Kaging  treatment  while  optimum  fatigue  life  is 
exhibited  with  a  839  K  age. 

When  the  as-supplied  solution  annealed  condi¬ 
tion  is  altered  during  processing  by  hot  working, 
severe  cold  working,  or  welding,  parts  should  be 
resolution  annealed  prior  to  aging.  A  dimensional 
contraction  of  about  0.0002  m/m  with  the  755  K 
age  and  about  0.001  m/m  for  the  839  K  aging 
treatment  can  be  expected. 

Environmental  Considerations.  — The  general 
corrosion  resistance  of  Custom  450  is  similar  to 
A1SI  Type  304  stainless  steel.  Custom  450  shows 
excellent  resistance  to  atmosphere  corrosion  and 
mild  chemical  environments.  It  has  good  re¬ 
sistance  to  stress  corrosion  cracking  in  the  solu¬ 
tion  annealed  condition.  Like  all  martensitic  pre¬ 
cipitation  hardening  alloys,  if  stress  corrosion  is 
of  concern,  it  should  be  aged  at  the.highcst  tem¬ 
perature  compatible  with  strength  requirements. 

It  offers  the  best  resistance  to  stress  corrosion 
cracking  and  hydrogen  embrittlement  when  aged 
at  394  K.  The  general  corrosion  resistance  is 
very  slightly  decreased  by  the  higher  aging  tem¬ 
peratures. 

Room-Teinperature  Properties 

The  room-temperature  mechanical  properties 
of  Custom  450  are  presented  in  Table  2.6.3.0(b). 
Physical  properties  at  elevated  temperatures  are 
presented  in  Figure  2.6.3.O. 

2.6.3. 1  H900  Condition.  — Effect-of-tcm- 
perature  curves  arc  presented  in  Figures 
2.6.3. 1 . 1  (a)  through  2.6.3. 1 .5(b). 

2. 6. 3. 2  HI 050  Condition.  — Effect-of-tcm- 
perature  curves  arc  presented  in  Figures 
2.6.3.2.1(a)  through  2.6.3.2.5(b). 
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TABLE  2. 6.3.0  (B) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
CUSTOM  450  STAINLESS  STEEL  (BAR) 


SPECIFICATION.. 

FORK . 

CONDITION . 

THICKNESS.  MM 


- p 

.  ••  «( _ 


AKS  5763 
_ BAR _ 


.'(SmJJJiOUL-TReAIE  OL _ HS.OJL 


PHYSICAL  PROPERTIES: 

OHEGA.  HG/H3 . 

C,  J/  (G*K) . 

Kt  H/(H*K) . 

ALPHA.  10-8  M/(H»K)..i 


<304. 80 


! <  304.80 


HI  05  0 


7.75 


<304. eo 


BASIS . . 

s 



S 

Su 

MECHANICAL  PROPERTIES! 

•  «  * 

FTU.  MPA ! 

. . 

862 

1240 

1000 

ST . 

•  •  • 

1230 

993 

FTY,  MPA  1 

. . 

655 

1170 

931 

ST.. . 

*  •  • 

1160 

917 

FCY.  NPA : 

. . 

•  •  • 

1210 

966 

ST . 

1190 

972 

FSU.  MPA . 

«  •  • 

766 

641 

F8RU.  HPA : 

(E  70= 1.5) . 

•  •  • 

2  050 

1650 

<E/0=2. . . 

•  •  • 

2  630 

2120 

FBRY,  MPA  t 

<E/D=1.5) . 

•  •  • 

1830 

1410 

<E/O=2.0) . 

•  •  • 

2250 

1770 

EL,  PERCENT! 

L . 

10 

10 

12 

ST . 

•  •  ♦ 

•  •  • 

•  •  • 

EL,  PERCENT: 

L . 

40 

40 

45 

ST . 

•  •  • 

•  •  • 

•  •  • 

£,  GPA... . 

193.1 

2  00.0 

202.  0 

EC,  GPA . 

•  •  • 

213.7 

213.7 

G,  GPA . 

•  •  • 

77.2 

77.9 

MU . 

0.29 

0.29 

SEE  FIGURE  2. 6. 3.0 

Suppliers  guaranteed  ninihuh  properties. 
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Temperature,  K 

FIGURE  2. 6. 3. 1.2.  Effect  of  temperature  on  the  ultimate 
shear  strength  (Fsu)  of  Custom  450 
(H900)  stainless  steel  bar. 
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Percent  Reduction  in  Area,  RA 
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Elongation  at  temperature 
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FIGURE  2.6.3.1.5(a).  Effect  of  temperature  on  the  eJongation 

(e)  of  Custom  450  (H900)  stainless 
steel  bar. 
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FIGURE  2.6.3.1.5(b).  Effect  of  temperature  on  the  reduction  in 

area  (RA)  of  Custom  450  (H900)  stainless 
steel  bar. 
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FIGURE  2.6.3.2.1(a) 


Temperature,  K 

Effect  of  temperature  on  the  ultimate 
tensile  strength  (Ftu)  of  Custom  450 
(H1050)  stainless  steel  bar. 
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FIGURE  2.6.3.2.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (Ftv)  of  Custom  450 
(H1050)  stainless  steel  bar. 
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FIGURE  2. 6. 3. 2. 2.  Effr  if  temperature  on  the  ultimate  shear 
stif  juh  (Fsu)  of  Custom  450  (H1050) 
uiless  steel  bar. 
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FIGURE  2.6.3.2.5(a).  Effect  of  temperature  on  the  elongation  (e) 

of  Custom  450  (H1050)  stainless  steel  bar. 
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FIGURE  2.6.3.2.5(b).  Effect  of  temperature  on  the  reduction  in  area 

(RA)  of  Custom  450  (H1050)  stainless  steel  ba 
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2.6.4  CUSTOM  455 

2. 6.4.0  Comments  and  Properties. — Custom  455 
is  a  precipitation  hardcnable  stainless  steel  with  a 
martensitic  structure  in  both  the  solution  an¬ 
nealed  and  hardened  conditions.  It  is  used  for 
pans  requiring  corrosion  resistance  and  high 
strength  at  temperatures  up  to  700  K.  It  is  pro¬ 
duced  by  consumable  electrode  remelting  and  is 
available  in  the  form  of  forgings,  billet,  bar,  wire, 
strip,  and  welded  tubing. 

Material  specifications  for  Custom  455  are  pre¬ 
sented  in  Table  2.6.4.0(a). 


Table  2.6.4.0(a).  Material  Specifications  for 
Custom  455  Stainless  Steel 


Specification 

Form 

AMS  5578  . 

AMS  5617  . 

Tubing  (weldsd) 
Bars  and  Forgings 

Manufacturing  Considerations. — Custom  455 
is  normally  supplied  and  fabricated  in  the  solu¬ 
tion  annealed  condition.  Forming,  machining, 
and  joining  operations  are  similar  to  those 
employed  for  other  precipitation  hardening  stain¬ 
less  steels.  Optimum  weld  ductility  is  obtained  by 
postweld  solution  annealing  prior  to  aging. 

Heat  Treatment. — The  heat  treatment  of 


Custom  455  is  as  follows: 

Operation 

Condition 

Annealing 

1103  K±15  K,  1/2  hr 
at  heat,  water  quench 

A 

Hardening 

783  K+  5  K,  4  hr 
at  heat,  air  cool 

H950 

811  K+  5  K,  4  hr 
at  heat,  air  cool 

H1000 

The  minimum  recommended  hardening  tem¬ 
perature  to  produce  the  optimum  combination  of 
strength,  fracture  toughness,  and  stress  corrosion 
cracking  resistance  is  783  K.  Higher  strength  is  at¬ 
tainable  with  the  755  K  aging  treatment  but  at  a 
sacrifice  of  fracture  toughness  and  stress  corro¬ 
sion  cracking  resistance.  Like  other  precipitation 
hardening  stainless  steels  the  fracture  toughness, 


and  stress  intensity  below  which  stress  corrosion 
cracking  does  not  occur,  improve  with  increasing 
aging  temperature  within  the  langc  of  755  K  to 
811  K. 

Usually  parts  are  aged  directly  from  the  as-sup¬ 
plied  solution  annealed  condition.  When  this  con¬ 
dition  has  been  altered  during  processing  by  hot 
working,  severe  cold  working,  or  welding,  the 
parts  should  be  resolution  annealed  prior  to 
aging.  A  dimensional  contraction  of  about  0.0009 
m/m  .  should  be  expected  with  the  783  K  aging 
treatment. 

Environmental  Considerations. — The  general 
corrosion  resistance  of  Custom  455  is  about 
equivalent  to  that  of  AISI  Type  430  stainless 
steel. 

Hydrogen  embrittlement  tests  in  5  percent  by 
weight  acid  saturated  with  HiS  at  room  tem¬ 
perature  show  the  same  degree  of  susceptibility  as 
other  high  strength  martensitic  stainless  steels. 

When  stress  corrosion  cracking  is  of  concern, 
one  should  use  the  highest  aging  temperature  con¬ 
sistent  with  the  strength  properties  required.  The 
755  K  aging  treatment  should  not  be  employed 
when  stress  corrosion  cracking  is  a  consideration. 
Consult  the  material  producers  literature  for 
available  stress  corrosion  data. 

Like  other  precipitation  hardening  stainless 
steels,  Custom  455  increases  slightly  in  tensile 
strength  and  loses  some  toughness  when  exposed 
for  long  periods  of  time  at  temperatures  around 
64 6  K.  For  most  applications,  the  loss  in  tough¬ 
ness  which  occurs  is  not  detrimental  to  perfor¬ 
mance. 

Room-Temperature  Properties 

The  room -temperature  mechanical  properties 
of  Custom  455  are  presented  in  Table  2.6.4.0(b). 
Physical  properties  at  elevated  temperatures  are 
presented  in  Figure  2.6.4.O. 

2.6.4. 1  H950  Condition. — Effect  of  tem¬ 
perature  curves  are  presented  in  Figures 
2.6.4.1.1(a)  through  2.6.4.1.5(b). 

2. 6.4. 2  HI 000  Condition. — Effect  of  tem¬ 
perature  curves  are  shown  in  Figures  2.6.4. 2. 1  (a) 
through  2.6.4.2.5(b). 
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TABLE  2.6.4.0  0) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
CUSTOM  455  STAINLESS  STEEL 


SPECIFICATION . 

AMS 

5578 

!  AMS 

5617 

FORM . 

TUBING  (WELDED) 

BARS  FORGINGS 

CONDITION . .  .... 

_  H9 50 

H95  0 

■  Tisagj 

THICKNESS3,  MM . . 

0.51- 

r - - 

1.57 

>1.57 

<152.40 

BASIS . . 

S 

S 

s 

s" 

MECHANICAL  PROPERTIES! 

FTU,  MPA! 

L . 

1520 

1520 

1520 

1410 

LT . 

•  •  • 

•  •  • 

i 

•  •  • 

•  • 

ST . 

•  •  • 

•  +  • 

•  •  • 

FTY -  MPA . 

•  •  • 

*  •  • 

•  •  • 

•  •  • 

L. . 

1410 

1410 

1410 

1280 

LT . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

ST . 

•  «  • 

•  •  • 
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FIGURE  2.6.4.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  Custom  455 
(H950)  stainless  steel  bar. 
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FIGURE  2. 6. A. 1. 1(b) .  Effect  of  temperature  on  the  tensile 

yield  strength  (Fty)  of  Custom  A55 
(H950)  stainless  steel  bar. 
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FIGURE  2. 6. 4. 1.2,  Effect  of  temperature  on  the  ultimate  shear 
strength  (Fgu)  of  Custom  455  (H950)  stain¬ 
less  steel  bar. 
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FIGURE  2.6.4.1.5(a).  Effect  of  temperature  on  the  elongation  (e) 

of  Custom  455  (H950)  stainless  steel  b  .r. 
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FIGURE  2.6.4.1.5(b). 


Effect  of  temperature  on  the  reduction  in 
area  (RA)  of  Custom  455  (H950)  stainless 
steel  bar. 
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FIGURE  2. 6. A. 2. 1(a) •  Effect  of  temperature  on  the  ultimate- 

tensile  strength  (FCVJ)  of  Custom  455 
(H1000)  stainless  steel  bar. 
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FIGURE  2.6.4.2.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (Fcv)  of  Custom  455 
(H1000)  stainless  steel  bar. 
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FIGURE  2. 6. 4. 2. 2.  Effect  of  temperature  on  the  ultimate 
shear  strengtli  (Fsll)  of  Custom  435 
(H1000)  stainless  steel  bar. 
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FIGURE  2.6.4.2.5(a).  Effect  of  temperature  on  the  elongation  (e) 

of  Custom  455  (H1000)  stainless  steel  bar. 
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FIGURE  2.6.4.2.5(b) . 


Effect  of  temperature  on  the  reduction  in 
area  (RA)  of  Custom  455  (U1000)  stainless 
steel  bar. 
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2.6.5  I’H  I3-8Mo 

2. 6. 5.0  Comments  and  Properties. — PH  1 3-8Mo 
is  a  martensitic  precipitation-hardening  stainless 
steel  used  for  parts  requiring  corrosion  resis¬ 
tance.  high  strength,  high  fracture  toughness,  and 
oxidation  resistance  up  to  700  K.  When  used  at 
temperatures  between  589  and  700  K,  some 
loss  in  notch  toughness  will  occur.  The  loss  is 
time-temperature  dependent  and  willoccur  grad¬ 
ually  over  thousands  of  hours  at  589  K  and 
hundreds  of  hours  at  700  K.  Depending  upon  the 
application,  this  loss  in  notch  toughness  may  not 
be  important  and  useful  engineering  properties 
may  still  be  available.  Good  transverse  mechani¬ 
cal  properties  are  one  of  the  major  advantages  of 
PH13-8Mo.  PH13-8Mo  is  produced  by  double 
vacuum  melting  and  is  available  in  the  form  of 
forgings,  plate,  bar,  and  wire,  normally  fur¬ 
nished  in  the  solution-treated  (A)  condition. 

The  material  specification  for  PHl3-8Mo  is 
presented  in  Table  2.6.5.0(a). 

Table  2.6.5.0(a).  Material  Specification  for 
PH  1 3-8 Mo  Stainless  Steel 

Specification  Form 

AMS  5629  Oars,  forgings,  and  rings 
(double-vacuum  melted) 

Manufacturing  Considerations.  —  Forming, 
joining,  and  machining  operations  are  usually 
performed  on  material  in  Condition  A,  using 
simi'ar  procedures  and  equipment  to  those 
employed  fur  other  precipitation-hardening  stain¬ 
less  steels.  Best  machinability  is  exhibited  by 
Conditions  HI  150  and  Hi  150M.  A  dimensional 
contraction  of  0.0004-0.0006  and  0.0008-0.0012 
m/m  occurs  upon  hardening  to  the  HI 000  and 
HI  100  conditions  respectively. 

Heat  Treatment. — PH13-8Mo  must  be  used  in 
the  hcat-tieatcd  condition  and  should  not  be 


placed  in  service  in  Condition  A.  The  heat  treat¬ 
ment  to  anneal  (solution  treat)  PH13-8Mo  is: 

Condition 

Treatment  Designation 

1200K+15K,  30  Min. -Air  Condition  A 
Cool  or  Oil  Quench  Below  289  K 

The  alloy  can  be  heat  treated  to  develop  a  wide 
range  of  properties.  The  hardening  treatments  for 
PHl3-8Mo  are  presented  in  Table  2.6.5.0(b). 

Environmental  Considerations. — PH13-8Mo  is 
nearly  equal  to  17-4PH  in  general  corrosion  re 
sistancc  and  surpasses  the  other  hardenable  stain¬ 
less  steels  in  stress-corrosion  resistance.  However, 
for  tensile  applications  where  stress  corrosion  is  a 
possibility,  PH13-8Mo  should  be  aged  at  the 
highest  temperature  compatible  with  strength  re¬ 
quirements  and  at  a  temperature  not  iower  than 
811  K  for  4  hours  minimum  aging  time. 

Room-Temperature  Properties 

The  rorm-temperature  mechanical  and  physi¬ 
cal  properties  for  PH  1 3-8Mo  are  presented  in  Ta¬ 
ble  2.6.5.0(c).  The  physical  properties  of  this 
alloy  at  room  and  elevated  temperatures  are 
presented  in  Figure  2.6. 5.0. 

2.6.5. 1  H950and  HI 000  Conditions. — Effect  of 
temperature  curves  for  tensile  yield  and  ultimate 
strengths  are  presented  in  Figures  2.6.5.1.1(a) 
and  (b). 

Typical  tensile,  compressive,  and  tangent 
modulus  stress-strain  curves  for  the  Hi 000  con¬ 
dition  at  room  temperature  are  depicted  in 
Figures  2.6.5.1.6(a)  and  (b).  Figure  2.6.5.1.6(c) 
contains  typical  full-range  stress-strain  curves  at 
room  temperature  for  various  heat  treated  condi¬ 
tions. 

Unnotched  and  notched  fatigue  information  for 
H1000  condition  at  room  temperature  is 
presented  in  Figure  2.6.5. 1.8. 


2-129 


TABLE  2.6.5.0(b). 


Ftu,  MPa 


Nominal  Hardening  Treatment  for  PH13-8MO  Condition  A 
(Annealed)  stainless  Steel  Bars,  Forgings,  and  Rings 


Condition 

Designation 


Hardening  Treatment 

783 

+  5 

K-A 

Hours-Air 

Cool 

811 

+  5 

K-A 

Hours-Air 

Cool 

839 

+  5 

K-A 

Hours-Air 

Cool 

866 

+  5 

K-A 

Hours-Air 

Cool 
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+  5 

K-A 

Hours-Air 

Cool 
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FIGURE  2. 6. 5.0.  Effect  of  temperature  on  the  physical  properties 
of  PH13-8Mo  stainless  steel. 
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ESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
H13-8H0  STAINLESS  STEEL 


Percent  Ftl,  at  Room  Temperature 
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FIGURE  2.6.5.1.1(a).  Effect  of  temperature  on  the  ten¬ 
sile  ultimate  strength  (Ftu)  of 
PH  13-8  Mo  (H950  and  H1000)  stain 
less  steel  (bar) . 
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FIGURE  2.6.5.1.1(b) 


Temperature,  K 

)  .  Effect  of  temperature  in  the  te 
silo  yield  strength  (Fcv)  of  PH 
13-8  Mo  (H950  and  H1000)  stain¬ 
less  steel  (bar). 


Stress.  MPa 


Strain,  m/m 


FIGURE  2.6. 5. 1.6(c).  Typical  tensile  stress-strain  curves  (full  range)  at  room 

temperature  for  various  heat  treated  conditions  of  PH13-3Mo 
stainless  steel  (bar). 
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FNT3F.  2.A.S-1.B.  Tvpf cnl  e nn».tanf - 1 1 f«*  fAtlfiu*  dl/irr.v*  for  H'  (Hl*MO) 

p(n!nl«'-<  ».*•«•)  (l».ir)  /»r  rnon  r*rur<*  ( InrjpS  tndlnM  And 

long  t  r*n<v»*f  *•  ) 

Cv  relative  Information  for  Figure  2.6.5. 1.8 


Product  Form:  Bar.  51  x  152  pm 

Properties:  TUS.MPa  TYS.Mga 

1500  1430 


Specimen  Details:  Unnotched 


1  w  r  * 

RT  (Unnotched) 


Test  Parameters: 

Loading  -  Axial 
Frequency  -  1800  cpin 
Temperature  -  RT 
Atmosphere  -  Air 


Notched.  V -Groove,  Kt  =  3-0 


unmnniKu  '  — 1  -  *  — 

6.40  mm  diameter  9.0/  mm  gross  diameter 
6,40  mm  net  diameter 
0.33  mm  root  radius,  r 
60°°  flank  angle,  e» 


K  =  2.75;  p  =  0.00305  mm,  where  =  l  + 


K,  -  1 


1  + 


s  —  w 


Surface  Condition:  Unmatched:  Mechanically  polished  in  longitudinal  direction. 
- 1 -  Notched:  Polished  mechanically  with  abrasively  charged  wire. 
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2.6.6  PH14-8MO 


2. 6.6.0  Comments  and  Properties. — PHl4-8Mo 
is  a  scniiaustcntic  precipitation-hardening  stain¬ 
less  steel  used  for  parts  requiring  corrosion  resis¬ 
tance,  high-strength,  high-fracture  toughness,  and 
oxidation  resistance  up  to  700  K.When  used  at 
temperatures  between  589  and  700  K,  some  |oss 
in  notch  toughness  will  occur.  The  loss  is  time- 
temperature  dependent  and  will  occur  gradually 
over  thousands  of  hours  at  589  K  and  hundreds  of 
hours  at  700  K.  Depending  upon  the  application, 
this  loss  in  notch  toughness  may  not  be  important, 
and  useful  engineering  properties  may  still  be 
available.  PHl4-8Mo  is  produced  by  vacuum-in¬ 
duction  melting  and  is  available  in  sheet  and 
strip,  normally  furnished  in  the  solution-treated 
(A)  condition. 

The  material  specification  for  PH14-8Mo  is 
presented  in  Table  2.6.6.0(a). 


Table  2.6.6.0(a).  Material  Specification  for 
PHI4-8Mo  Stainless  Steel 


Specification 

Form 

AMS  5603 

Sheet  and  strip  (vacuum- 
induction-melted) 

The  heat  treatment  to  anneal  PH14-8Mo  stain¬ 
less  sheet  and  strip  is: 


Condition 

Treatment  Designation 

1269  K  +  15  K  -  Equalize  -  Condition  A 
Air  Cool 

The  transformation  treatment  from  Condition 
A  is  as  follows: 


Condition 

Treatment  Designation 

1200  K  +  8  K  -  within  1  SR  100 

Hour  start  cooling  to  194  K 
+  5K  -  8  Hours  -  Air  Warm 


PHl4-8Mo  then  can  be  hardened  from  SR100 
by  either  of  the  following  treatments: 


Hardening 

Treatment 

783  K  +  5  K  -  60  Minutes 
Air  Cool 

839  K  +  5  K  -  60  Minutes 
Air  Coo? 


Condition 

Designation 

SRH950 

SRH1050 


Room-Temperature  Properties 


Manufacturing  Considerations. — Forming,  join¬ 
ing,  and  machining  operations  arc  usually  per¬ 
formed  on  materia!  in  Condition  A,  using  similar 
procedures  and  equipment  to  those  employed  for 
other  precipitation-hardening  stainless  steels. 

Heat  Treatment. — PH14-8Mn  must  be  used  in 
the  heat-treated  coriiition  and  should  not  be 
placed  in  service  in  Condition  A.  Condition  A 
should  be  restored  by  resolution  treating  when 
this  condition  has  been  altered  during  processing 
operations,  such  as  hot  working,  welding,  or  braz¬ 
ing.  PH14-8Mo  is  most  frequently  used  in  one  of 
a  variety  of  brazing-cyclc-hcat-trcatcd  (BCHT) 
tempers.  The  tempers  designated  in  Table 
2.6.6.0(b)  represent  those  commonly  specified  by 
the  users  for  certification  purposes  and  arc 
defined  in  AMS  5603. 

A  net  dimensional  expansion  of  about  0.004 
m/m  will  occur  in  heat  treating  PHl4-8Mo  to 
Conditions  SRH950or  SRH1050  from  Condition 
A. 


The  room-temperature  properties  for 
PH14-8Mo  are  presented  in  Table  2.6.6.0(b). 

The  physical  properties  of  this  alloy  at  room 
and  elevated  temperatures  are  presented  in 
Figure  2.6.6.O. 

2.6.6. 1  SRH950  and  SRH1050  Conditions.— 
Effect  of  temperature  or.  various  mechanical 
properties  for  these  conditions  are  presented  in 
Figures  2.6.6.1.1(a)  through  2.6.6.1.1(b). 

A  typical  tensile  stress-strain  curve  at  room 
temperature  for  SR  Hi  050  condition  is  presented 
in  Figure  2.6.6. 1.6. 
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TA8LE  2.6.6.0  0).  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

PH14-8  HO  STAINLESS  STEEL  (SHEET  AND  STRIP) 


SPECIFICATION . 

AMS  5603 

FORM. . 

SHEET  ANO  STRIP 

CONDITION . .. 

SRH  950 

I 

1 

SRH  1050 

THICKNESS,  MM . 

0.13- j 

0.51-  : 

0.13-1 

0.51- 

0.  50  ■ 

A.  76  ' 

0. 50 

4.; 

76 

BASIS . 

Sa  i 

Ab  | 

Bb  ; 

Sa 

A5”  ] 

MECHANICAL  PROPERTIES) 

FTU ,  MPA) 

i 

! 

L . 

...  1 

1  ... 

'  •  •  • 

•  •  « 

•  •  • 

•  •  # 

T . 

1520  ! 

1480  I 

1  1520 

1380 

11330 

:  1370 

FTY .  MPA) 

•  •  •  ^ 

. . 

•  •  • 

•  r  •  | 

!  « « • 

•  •  • 

•  *  # 

T . 

1310 

1310c  i 

1410 

1240 

1 240C  ; 

;  1320 

FCY,  MPA l 

L . . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

T«  . . . . .  • 

•  •  • 

!  *  »•  ! 

!  *  ** 

•  •  • 

•  •  • 

•  •  • 

FSU,  HPA. . 

•  •  • 

•  •  • 

•  «  • 

•  •  • 

•  •  • 

FBRU,  MPA) 

i 

j 

1 

(£  /0=  1.5) . 

•  •  • 

1 

«  •  • 

•  *  • 

•  •  • 

•  •  • 

•  •  0 

(E/0=  2.0) . 

•  •  •  j 

i  *••  1 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

FBRY,  HPA) 

t 

1  i 

I  ; 

! 

(E/0=1.5) . 

•  •  • 

1  •  •  •  ' 

1 

•  •  • 

•  •  • 

•  •  • 

•  *  * 

(E/D=2.05 . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

. .. 

!  ... 

EL,  PERCENT) 

1 

i 

j  j 

1 

1 

L . 

•  •  • 

... 

•  •  • 

•  •  • 

•  ••  1 

j  o  •  * 

T . 

d 

I  A 

•  •• 

d 

4 

1  ... 

E,  GP A . 

200, 

0 

EC,  GPA . 

•  •  * 

G,  GPA . . 

•  *  4 

MU . 

•  •  1 

PHYSICAL  PROPERTIES: 

OMEGA,  MG/H3 . 

7. 

70 

C,  J/(G»K) . . . 

•  •  4 

K«  W/(M*K) . 

•  •  4 

ALPHA,  10-6  H/(M*K).. 

SEE  FIGURE  2.6.6.C 

) 

«S-8ASIS  PROPERTIES  REPRESENT  HEAT-TREAT  CAPABILITY  REQUIREMENTS:  TRANSVERSE 
DIRECTION  FOR  WIDTHS  228.6  MM  AND  OVER,  LONGITUDINAL  FOR  WIDTHS  LESS  THAN 
228. 6MM. 

“APPLICABLE  TO  HATERIAL  AGEO  BY  USER  FROM  CONDITION  A;  TRANSVERSE  DIRECTION. 
CTHE  INDICATED  VALUES  HAVE  AH  S  DATA  8ASIS.  THE  CORRESPONDING  A  VALUES  ARE 
1372  HPA  FOR  SRH950,  AND  1276  MPA  FOR  SRH1050. 

“ELONGATION:  0.127  TO  0.252  MM  -  2  PERCENT. 

0.253  TO  0.5055  MM  -  3  PERCENT. 
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10  m/(m  •  K) 


a 


300  400  500  600  700  800  900  1000  I  100 

Temperature,  K 


FIGURE  2.6.6  0.  Effect  of  temperature  on  the  physical  properties 
of  PH14-8Mo  stainless  steel. 


Percent  F».  at  Room  Temperature 


200 


Temperature,  K 

FIGURE  2.6.6.1.1(a).  Effect  of  temperature  on  the 

ultinate  tensile  strength  (Ftu 
of  PH  14-8  Mo  (SRH950  anrf  SRHU 
stainless  steel  (sheet). 
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Percent  F.  at  Room  Temperature 


0  iOO  200  300  400  500  600  700  800 


||  Temperature,  K 

f]  FIGURE  2.6.6.1.1(b).  Effect  of  temperature  on  the 

tensile  yield  strength  (Fty) 

||  of  PH  14-8  No  (SRH950  and 

(J  SRH1050)  stainless  steel 

I  (sheet). 
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Percent  F.  at  Room  Temperature 
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FIGURE  2.6.6.1.1(b).  Effect  of  temperature  on  the 

tensile  yield  strength  (Fty) 
of  PH  14-8  Mo  (SRH950  and  y 
SRH1050)  stainless  steel 
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FIGURE  2.6.6.1.1(b).  Effect  of  temperature  on  the 

tensile  yield  strength  (Fty) 
of  PH  14-8  Mo  (SRII950  and 
SRH1050)  stainless  steel 
(sheet) . 
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TABLE  2.6.7.0(b).  Nominal  Hardening  Treatments  for  15-5PH  Condition  A  (Annealed) 
Stainless  Steel  Bars,  Forgings,  and  Rings 


Ftu>  >IPa 

Hardening  Treatment 

Rockwell 

Hardness 

Condition 

Designation 

1310 

755  +  5  K-l  Hour-Air  Cool 

C40/47 

H900 

1172 

764  -J-  5  K-4  Hours-Air  Cool 

C38/45 

H925 

1069 

325  +  5  K-4  Hours-Air  Cool 

C35/4  2 

H1025 

1000 

853  +  5  K-4  Hours-Air  Cool 

C31/39 

H1075 

965 

366  +  5  K-4  Hours-Air  Cool 

C32/38 

HI  100 

931 

.'94  +  5  K-4  Hours-Air  Cool 

C28/37 

H1150 

793 

1033  +  15  K-2  Hours-Air  Cool 
plus 

894+5  K-4  Hours-Air  Cool 

C24/30 

H1150M 

E 

N 

E 


CO 

b 


a 


Temperature,  K 

FIGURE  2.6. 7. U.  Effect  of  temperature  on  the  physical  properties 
of  15-5PH  stainless  steel. 
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TA8LE  2.6.7.0(C).  DESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 
15-5PH  STAINLESS  STEEL  (BARS  ANO  FORGINGS) 


SPECIFICATION 

FORM . 

CONDITION.. .. 
THICKNESS ,  MM 
BASIS . 


*  <304.81 
,1  S 


_ AMS  5659 _ 

_  BARS  ANO  FORGINGS  _  _  _ 

I  H925  ■  Hr02  5T"ni0  75r.H1100!  .  Hl~15  0~|  H1~15  QM 
<3  04. 8  0  <304. 8  0, <3  04.  80  <304. 6  0!<3  04 . 80  <3  04.8  0 

I  s5-]  S?  S 3  SH  S2  S* 


MECHANICAL  PROPERTIES* 
FTU,  MPA  * 

L . 

T . 

FTY .  MPA  t 

L  •  ••••••••••c**# 

T . 

FCY  ,  MPA  J 

L . 

T . 

FSU  MPA . 

F8RUb,  MPA  * 

(E/D=l. 5) . 

<E/0=2 • 0 . . 

cddvD  MOC f 


F8RYD, MPA* 

<E/0=1.5) . 

(E/O=2.0) . 

EL,  PERCENT* 

. . 

T . 

E,  GPA . 

EC,  GPA., . 

G,  GPA . 

MU . 

PHYSICAL  PROPERTIES* 

OMEGA,  MG/H3 . 

C,  J/(G*K) . . 

K,  H/(M*K) . 

ALPHA,  10-6  H/(M*K).. 


13 

_ 9 _ 

196.5 

201.3 

77.2 

0.27 


SEE  FIGURE  2. 6. 7.0 
SEE  FIGURE  2. 6. 7.0 


aONLY  THE  H900  CONOITION  IS  PRESENTLY  COVERED  BY  AMS  5659.  PROPERTIES  FOR 
OTHER  CONDITIONS  REFLECT  PRODUCERS  GUARANTEED  MINIMUM  TENSILE  PROPERTIES. 
b BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4.7. 1. 
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FIGURE  2.6.7.1.1(a). 


Temperature,  K 

Effect  of  temperature  on  the  ultimate 
tensile  strength  (Ftu)  of  15-5  PH 
(H925,  H1025,  and  K1100)  stainless 
steel  (bar) . 
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Percent  F  at  Room  Temperature 
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FIGURE  2.6.7.1.1(b). 


Temperature,  K 

Effect  of  temperature  op  the  tensile 
yield  strength  (Ftv)  of  15-5  PH 
(H925 ,  H1025,  and  flllOO)  stainless 
steel  (bar). 
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FIGURE  2.6. 7.1. A.  Effect  of  temperature  on  the 
tensile  modulus  (E)  of  15-5 
PH  stainless  steel. 


2.6.8  PH  15-7Mo 

2. 6. 8.0  Comments  and  Properties. — PH!5-7Mo 
is  a  semiaustcnitic  stainless  steel  used  where 
high  strength  and  good  corrosion  and  oxida¬ 
tion  resistance  are  needed  up  to  589  K.  This 
steel  is  supplied  in  Condition  A  for  case  of 
forming  or  in  Condition  C  when  highest 
strength  is  required. 

Material  specifications  for  PH  1 5-7Mo  stain¬ 
less  steel  are  presented  in  Table  2.6.8.0(a). 

TABLE  2.6.8.0(a).  Material  Specifications  for 
PHI5-7Mo  Stainless  Steel 


this  steel  in  Conditions  T  and  R-100  is  not  recom¬ 
mended. 

In  hardening  this  steel  from  Condition  A  to 
Condition  THI050  a  net  dimensional  growth  of 
0.004  m/m  should  be  anticipated. 

Environmental  Considerations.  —  The  re¬ 
sistance  of  PH15-7Mo  to  stress-corrosion  crack¬ 
ing  in  chloride  environments  has  been  evaluated 
and  found  to  be  superior  to  that  of  the  alloy  steels 
and  the  hardenable  chromium  steels.  Conditions 
C  and  CH  900  provide  maximum  resistance  to 
stress  corrosion. 


4 


a 


j  Specification 

Form 

!  AMS  5520  . 

Plate,  sheet,  and  strip 

i  AMS  5657  . 

Bar-  and  forgings 

Manufacturing  Considerations. — PH  1 5-7Mo 
in  Condition  A  is  readily  cold  formed  or  cold 
drawn.  Conventional  inert -gas  shielded  arc  and 
resistance  techniques  are  generally  used  for  weld¬ 
ing.  The  heat  treatments  for  this  steel  are  com¬ 
patible  with  the  cycles  used  for  honeycomb  panel 
brazing.  Vapor  blasting  of  scaled  Condition 
TH1050  parts  is  recommended  because  of  the 
hazards  of  intergranular  corrosion  in  adequately 
controlled  pickling  operations. 

The  designer  should  be  aware  that  the  proper¬ 
ties  shown  for  the  high  strength  conditions  are  not 
representative  for  the  thickness  direction.  Use  of 


Room-Temperature  Properties 

The  room-temperature  properties  of 
PHl5-7Mo  are  shown  in  Tables  2.6.8.0(b)  and 
(c).  The  physical  properties  of  this  alloy  at  room 
and  elevated  temperatures  are  presented  in 
Figure  2.6.8.O. 

2.6.8. 1  THI050  Condition. — Effects  of  tem¬ 
perature  on  various  mechanical  properties  for  this 
condition  arc  presented  in  Figures  2.6.8.1.1(a) 
through  2.6.8. 1.4. 

Typical  stress-strain  curves  at  room  tem¬ 
perature  and  elevated  temperature  arc  presented 
in  Figures  2.6.8. 1 .6(a)  through  (c). 

Unnotched  and  notched  fatigue  information  at 
room  temperature  and  at  533  K  are  illustrated  in 
Figures  2.6.8.1.8(a)  and  (b). 


TABLE  2.6.8.0(c).  Elongation  Values  for  PH15-7Mo  (TH1050) 
Stainless  Steel  Sheet 


m 


» 

u 


1 


^1 
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TABLE  2.6.8.0(B).  CESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
PH15-7HO  STAINLESS  STEEL 


SPECIFICATION. . | 

AMS  5520 

AMS  5657 

FORM . 

SHEET.  STRIP.  AND  PLATE 

BARS  AND  FORGINGS 

CONDITION . 

TH1050 

Th'  1 05  0 

THICKNESS,  MH . 

0.04- 

12.70 

£15 2.4  0 

BASIS . 

Sa 

S 

MECHANICAL  PROPERTIES) 

m  —  **"*^**~* 

FTU*  MPA  J 

1240 

LT  •  , . 

1310 

•  «  • 

FTY,  KPAI 

L.  •  O . . 

•  •  • 

1100 

LT . 

1170 

•  •  • 

FCY «  MPA  t 

•  •  • 

1160 

LT . 

1230 

FSU,  MPA . 

848 

807 

F8RU.  HPAJ 

(E/0=1.5) . 

2160 

2050 

(E/0=2. 0) . 

2620 

2480 

FBRY «  MPA: 

(E/0=1.5) . 

1760 

1 65  J 

(E/0=2.0) . 

1930 

1820 

EL*  PERCENT  * 

L . 

•  •• 

8 

LT  .....  . . 

b 

•  •• 

RA,  PERCENT? 

. . 

•  •  • 

25 

LT . 

L  k  • 

E*  GPA . 

200.! 

) 

EC*  GPA . . . 

206.8 

G*  CPA . 

75.8 

MU . . 

0.32 

PHYSICAl  PROPERTIES: 

OMEGA*  MG/M3.  . . . 

I  7.67 

C,  J/(G*K) . 

... 

K*  H/  (M*  K)  •  •  •  . . 

SEE  FIGURE  2. 6. 8.0 

ALPHA*  10-6  K/CH*K).. 

SEE  FIGURE  2. 6. 8.0 

'’TEST  DIRECTION  LONGITUDINAL  FOR  HIU  f;»3  LESS  THAN  228.6  MM  i  TRANSVERSE  FOR 


WIDTHS  228.6  *1M  AND  OVER. 
T»EE  TABLE  2.6.8.0(C)* 
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FIGURE  2.6.8.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F  )  of  PH15-7Mo  (TH1050)  stainless 
steel.  tu 
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FIGURE  2.6.8.1.1(b). 


Effect  of  temperature  on  the  tensile  yield 
strength  (F  )  of  PH15-7Mo  (TH1050)  stain¬ 
less  steel. 
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GURE  2.6.8.1.2(a) . 


Effect  of  temperature  on  the  compressive 
yield  strength  (F  )  of  PH15-7MO  (TH1050) 
stainless  steel. 
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FIGURE  2.6.8.1.2(b). 


Effect  of  temperature  on  the  ultimate 
shear  strength  (F  )  of  PH15-7Mo  (TH1050) 
stainless  steel. 
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FIGURE  2.6.8. 1.4.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  E  )  of  PH15-7MO 
(TH1050)  stainless  steel.  C 
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TGURE  2.6.8.1.6(c).  Typical  compressive  tangent-modulus  curves  at  various 

temperatures  for  PH15-7M0  (TH1050)  stainless  steel 
(sheet)  . 
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PICURE  2.6.8.1.8(a) .  Typical  constanr-llfc  fatigue  diagram  for  PH15-7MO 
(TH  1050)  at  rooo  tcDpcraturc 


Correlative  Information  for  Figure  2.6.8.1.8(a) 


Product  Form:  Sheet,  0.635  mm  thick 
Properties:  TUS,  MPa  TYS,  MPa 

‘  1390  1350 

2240  — 


Temp,  K 
RT  (Unnotched) 
RT  (Notched) 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  and 
1 800  cpm 
Temperature  —  RT 
Atmosphere  —  Air 


Specimen  Details:  Unnotched: 


19 .1  mm  width 


Notched,  Edge  Notch,  Kt  =4.0 
57.3  mm  gross  width 
38.1  mm  net  width 
1.47  mm  root  radius,  r 
0°,  flank  angle,  a> 

Kt-  1 


Km  =3.09, p  =0.279  ran,  where  Kn  =  I  + 


1  + 


n 

IT— to 


•>/? 


Surfare  Condition.  Unnotched  Specimens.  Specimen  edge  machined  in  lathe  with  longitudinal  tool 

marks;  edges  beveled  with  320  grit  emery  cloth  to  a  45°  bevel,  0.076  mm  across. 
Machining  was  done  after  heat  treating  in  argon. 

Notched  Specimens:  Edge  notches  formed  by  drilling  holes  at  edges  and  milling 
slots  f.  om  the  edges  of  the  specimens;  corners  of  the  notch  root  were  beveled  with 
a  rubber  abrasive  to  a  45°  bevel,  0.076  mm  across.  Machining  was  done 
after  heat  treating  in  argon. 
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Correlative  Information  for  Figure  2.6..8.1.8(b) 
Product  Form:  Sheet,  0.635  mm  thick  T< 


Properties: 


TVS,  MPa 
1190 


Temp,  K 

533  (Unnotched) 
533  (Notched) 


Specimen  Details: 


Unnotched: 

19.1  nurTwidth 


Surface  Condition: 


;t,  0.635  mm  thick  Test  Parameters: 

TUS,  MPa  TYS,  MPa  Temp,  K  Loading  —  Axial 

1230  1190  533  (Unnotched)  Frequency  —  24  and 

1971  —  533  (Notched)  1800  cpm 

Temperature —  533  ^ 
Atmosphere  —  Air 

Unnotched:  Notched,  Edge  Notch.  Ki  =4.0 

19.1  nurTwidth  57.2  mnl  ~';oss  widen 
38.1  mm  nei  width 
1,47  mm  root  radius,  r 
0°,  flank  ingle,  w 

Kn  =  3.09,  p  =0*  279  mm,whereKN=  1  + - - - — 

TT  j  p 

*  +  TT-W-\j  T 

Unnotched  Specimens:  Specimen  edge  machined  in  lathe  with  longitudinal  tool 
marks;  edges  beveled  with  320  grit  emery  cloth  to  a  45°  bevel,  0  -076  mm  across. 
Machining  was  done  after  heat  treating  in  argon. 

Notched  Specimens:  Edge  notches  formed  by  drilling  holes  at  edges  and  milling 
slots  from  the  edges  of  the  specimens:  corners  of  the  notch  root  were  beveled  with 
a  rubber  abrasive  to  a  45°  bevel,  0,076  mm  across.  Machining  was  done 
after  heat  treatir?  in  argon. 
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2.6.9.17-4PH 

2. 6. 9.0  Comments  and  Properties.  — 17-4PH  is 
a  precipitation-hardening.  martensitic  stain¬ 
less  steel  used  for  parts  requiring  high 
strength  and  good  corrosion  and  oxidation 
resistance  up  to  589  K. 

Materia!  specifications  for  I  7-4PH  arc  pre¬ 
sented  in  Table  2.6.9.0(a). 

Table  2.6.9.0(a).  Material  Specifications  for 
1 7-4PH  Stainless  Steel 


Specification 

Form 

AMS  5604 

Sheet.  strip  and  plate 

MIL-S-8IS06 

Sheet,  strip  and  plate 

AMS  5643 

Bars,  forgings  and  rings 

MIL-C-24 1 1 1 

Bars,  rods  and  lorgings 

AMS  5.342 

Investment  castings  (HI  100) 

AMS  534.3 

Investment  castings  (HIOOO) 

AMS  5.344 

Investment  eastings  (H900) 

AMS  5355 

Investment  castings 

M 1 L-S-8 1 59 1 

Investment  castings 

AMS  5398 

Sand  and  centrifugal  castings 

Manufacturing  Consideration.  —  17-4PH 
is  readily  forged,  welded,  and  brazed. 
Machining  requires  the  same  precautions  as 
the  austenitic  stainless  steels  except  that 
work-hardening  is  not  a  problem.  Best 
machinability  is  exhibited  by  t  inditions 
H  1 1 50  and  H 1  1 50M.  A  dimension.  .  vontrac- 
tion  of  0.0004-0.0006  and  0.00u8-0.001 0 
in/m  occurs  upon  hardening  to  the  H900  and 
HI  150  conditions,  respectively.  When  heavy 
sections  are  to  be  welded  under  conditions  of 
high  restraint,  prior  stress  relief  obtained  b>  4 
hours  of  heating  at  866  to  894  K  is  advisa¬ 
ble  to  maximize  fracture  toughness  properties 
and  preclude  cracking  in  planes  normal  to  the 
thickness  direction.  When  permanent  defor¬ 
mation  is  performed,  as  in  cold  straightening 
of  hardened  parts,  reaging  is  recommended  to 
minimize  internal  stresses.  Parts  should  never 
be  used  in  Condition  A.  When  good  fracture 
toughness  or  impact  properties  arc  icquired, 
or  where  parts  require  these  properties  in  the 
transverse  direction,  both  at  or  below  ,oom 
temperature,  conditions  H900,  H925,  H950, 
H975.  and  H 1000  should  not  be  used.  Condi¬ 
tions  H  1025, H 1050, H 1075, H 1 100, H  1 125, 
and  Hi  150  provide  greater  transverse  duc¬ 
tility,  lower  transition  temperatures,  and 
more  useful  levels  of  fracture  toughness  than 
the  higher  strength  conditions.  However,  the 


use  of  17-4PH  in  any  condition  should  be 
regarded  with  caution  for  structural  applica- 
’  requiring  good  transverse  impact  properties 
*.  .vperatures  below  219  K. 

'C'.jy  17-4PH  castings  are  produced  in 
'  -olds,  investment  molds,  and  by 
\  ’t.iiugal  casting.  While  17-4PH  has  good 
•.-.stability,  it  is  subject  to  hot-tearing,  so 
•eavy  X  or  T  sections,  sharp  corners,  and 
*b"*pt  changes  in  section  size  should  be 
t  oided.  Alloy  17-4PH  castings  arc  suscepti- 
•V  to  micrcshrmkage  which  will  decrease  ;he 
-uctiliiy  but  have  no  effect  on  the  yield  or 
ultimate  strength.  During  heat  treatment  for 
strength  properties  care  must  be  exercised  to 
avoid  carbon  or  nitrogen  contamination  from 
furnace  atmospheres.  Combusted  hydrocai- 
bon  and  dissociated  ammonia  atmospheres 
have  been  sources  of  contamination.  Air  is 
most  commonly  used  and  both  vacuum  and 
dry  argon  arc  effective  for  minimizing  scaling. 
Oxidesformed  during  soluion  treating  in  air 
may  be  removed  by  grit  blasting  or  abrasive 
tumbling. 

Environmental  Considerations.  —  For  ten¬ 
sile  applications  where  stress  corrosion  is  a 
possibility,  17-4PH  should  be  aged  at  the 
highest  temperature  compatible  with  strength 
requirements  and  at  a  temperature  not  lower 
than  825  K  for  4  hours  minimum  aging  time. 

Heat  Treatment.  —  The  heat  treatments  to 
develop  the  various  conditions  for  17-4PH 
are  described  in  the  following  tables,  ‘(able 
2.6  9.0(b)  describes  the  annealing  (solution 
treating)  treatments  for  various  products.  Ta¬ 
ble  2  6.9.0(c)  describes  the  hardening  treat¬ 
ment  for  all  products  except  investment  cast¬ 
ings.  The  hardening  treatments  for  investment 
castings  are  listed  in  Table  2.6.9.0(d). 

Room  Temperature  Properties 
Room  temperature  mechanical  and  physical 
properties  for  various  conditions  of  17-4PH 
products  are  presented  in  Tables  2.6.9.0(e) 
through  (g)  The  physical  properties  of  this  alloy 
at  room  and  elevated  temperatures  are  presented 
in  Figure  2. 6. 9.0. 

2.6.9. 1  H900  Condition.  —  Effect  of  tem¬ 
perature  curves  for  various  mechanical  prop¬ 
erties  arc  prcscntcJ  in  Figures  2.6.9.1.2(a) 
through  2. 6. 9. 1.4.  Effect  of  temperature 
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curves  for  F,„  and  F,v  are  shown  in  Figures 
2.C\9.2.1(a)  and  (b). 

Unnotched  and  notched  fatigue  information 
at  room  temperature  is  presented  in  Figure 
2.6.9. 1.8. 

2. 6. 9. 2  Various  Heat  Treat  Conditions.  — 
Effect  of  temperature  curves  for  tensile  yield 


and  ultimate  strengths  are  depicted  in  Figures 
2.6.9.2.1(a)  and  (b).  Room  temperature  stress- 
strain  curves  arc  shown  in  Figures  2.6.9.2.6(a) 
and  (b). 

2. 6. 9. 3  HII50  Condition.  —  Effect  of  tem¬ 
perature  curves  for  tensile  yield  and  ultimate 
strengths  are  shown  in  Figures  2. 6. 9. 3. 1  (a)  and 
(b). 


TABLE  2.6.9.0(b).  Annealing  (Solution  Treating)  Treatments  for  17-4PH  Stainless  Steel  Investment 
Castings,  Ba-£  Forgings,  Rings,  Plate,  Sheet  and  Strip 


Product 

Treatment 

Condition 
Designer :on 

Invztment  Casting 
Investment  Casting 
Bars  and  Forgings 
Plate 

Sheet  and  Strip 

1422  +  15  K,  90  minutes,  air  cool  below  305  Ka 

1311  +  15  K,  30  minutes,  air  cool  below  305  K 

1311  +  15  X,  30  minutes,  air  cool  or  oil  quench  below 
1325  +  15  K,  30  minutes  per  25.4  urn  of  thickness,  air 

1311  +  15  K,  30  minutes  per  2.54  mm  of  thickness,  air 

305  K 

cool  below 
cool  below 

305  K 
305  K 

Homogenized 
Condition  A 
Condition  A 
Condition  A 
Condition  A 

a  Castings  must  be  homogenized  prior  to  Condition  A  treatment. 

TABLE-2. 6. 9. 0(c). 

Nominal  Hardening  Treatments  for  17-4PH  Condition  A  (Annealed)  Stainless 
Forgings,  Rings,  Plate,  Sheet  and  Strip 

Steel  Bars, 

Ftu>  MPa 

Harde—'ng  Treatment 

Rockwell 

Hardness 

Condition 

Designation 

1310 

755  +  5  K,  1  Hour,  Air  Cool 

C40/47 

H900 

1172 

769  ±  5  K,  4  Hours,  Air  Cool 

C38/45 

H925 

1131 

783  +  5  K,  4  Hours,  Air  Cool 

C37/44 

12950 

1117 

797  +  5  K,  4  Hours,  Air  Cool 

C36/43 

H975 

1089 

811  +  5  K,  4  Hours,  Air  Cool 

C35/42 

K1000 

1069 

825  +  5  K,  4  Hours,  Air  Cool 

C35/42 

H1025 

1034 

839  +  5  K,  4  Hours,  Air  Cool 

C33/40 

H1050 

986 

853  +  5  K,  4  Hours,  Air  Cool 

C31/39 

R1075 

965 

866  +  5  K,  4  Hours,  Air  Cool 

C32/38 

H1100 

>45 

881  +5  K,  4  Hours,  Air  Cool 

C30/37 

H1125 

r.^2 

894  +  5  X,  4  Hours,  Air  Cool 

C28/37 

H11S0 

'93 

1033  +  15  K,  2  Hours,  Air  Cool 

Plus 

894  +  5  K,  4  Hours,  Air  Cool 

C24/30 

H1150M 

TABLE  2.6.9.0(d). 

Nominal  Hardening  Treatments  for  17-4PH  Condition  A  (Annealed) 

Investment  Castings 

Rockwell 

Condition 

FCu>  MPa 

Hardening  Treatment 

Hardness 

Designation 

1241 

755  +  5  K,  1-1/2  Hours,  Cir  Cool 

C40/45 

H900 

1172 

769  +  5  K,  1-1/2  Hours.  Air  Cool 

C40/45 

H925 

1034 

811  +  5  K,  4  Hours3,  Air  Cool 

C38/43 

H1000 

896 

866  +  5  K,  4  Hours3,  Air  Cool 

C33/38 

H1100 

Per  MIL-H-6875 
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TABLE  2.  6.9.0  <G) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
17-4PH  STAINLESS  STEEL  (CASTINGS) 


SPECIFICATION . 

AMS  5342.  AMS  5343.  AHS  5344, 

AMS  5355.  AMS  5398,  HIL-S-81591 

FORM.- . . 

— — ^—il  1  bACIll  — —— 

CONDITION . 

H900 

H925 

HI  10  0 

THICKNESS.  MH. . . 

*  •  e  „ 

BASIS . 

s*" 

s3 

s- - 

- s* - 

MECHANICAL  PROPERTIES* 
FTU,  MPA . 

1240 

1170b 

1030 

896 

FT Y.  MPA..... . 

1100 

8S6 

827 

FCY  .  f.PA . 

o  •  • 

•  •  • 

•  •  • 

•  O  • 

FSU .  MPA . . 

•  •  • 

•  •  • 

*  •  • 

•  •  • 

FBRU.  MPA* 

(E/0= 1.5) . 

•  •  • 

•  A* 

•  •  • 

•  •  • 

(E/D=2.0) . . 

•  •  • 

•  *  • 

•  •  • 

•  •  • 

FBRY .  MPA* 

(E/D= 1.5) . 

•  •  • 

•  «  « 

9«« 

•  •  • 

(E/D=  2. 0 ) . 

... 

•  •  • 

•  •  • 

•  •  « 

EL.  PERCENT . . 

6 

6 

6 

8 

ti  GPA.. 
EC.  GPA. 
G.  GPA.. 
MU . 


196.6 

206.6 
67.6 

0.27 


PHYSICAL  PROPERTIES* 

OHEGA,  MG/113 . . 

C.  J/(G*K) . . 

X,  W/(M*K) . . 

ALPHA.  10-6  H/ (  M*  K) • , 


7.6 1(H900) 
SEE  FICURE  2. 6. 9.0 
SEE  FIGURE  2. 6. 9.0 
SEE  FIGURE  2. 6. 9.0 


———  ————  — — —  '  —  .  — —  —  —  —  .  ——————  *  — — — #  ——————  • 

aFOR  CAST  BARS.  SPECIMENS  HACHINEO  FROM  LARGER  CASTINGS  MAY  HAVE  LOWER 
PROPERTIES. 

bVALUE  IS  LOWER  THAN  SPECIFIED  IN  AMS  5355. 


2-165 


W/(mKI 


m/lm-K) 


Temperaiure  ^  Percent  Frv  at  Room  Temperature 


Percent  F.  ot  Room  Temperature  Percent  F.  at  Room  Temperature 
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FIGURE  2.6.9.1.3(b).  Effect  of  temperature  on  the  bearing 

yield  strength  O^ry^  of  17-4PH  (H900) 
stainless  steel  (bar  and  forgings) . 
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FIGURE  2. 6. 9.1. A.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  Ec)  of  17-4PH 
(H900)  stainless  steel  (bar  and  forgings). 
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FIGURE  2.6.9. 1.8,  Typical  constant-life  fatigue  diagram  for  17-401  (H900)  bar  at  room  temperature. 


Correlative  information  for  Figure  2.6. 8. 1.8 


Product  Form:  Bar,  25. A  and  28.6  mm  diameter 
Properties:  TUS.MPa  TYS,  MPa  Temp,  K 

1390  1340  RT  (Unnotched) 

22.30  —  RT  (Notched) 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  1 800  cpm 
Temperature  —  RT 
Environment  —  Air 


Specimen  Details:  Unnotched:  Notched.  V-Groove, K.  =  3.0 

6.40  mm  diameter  9,07  mm  gross  diameter 
6.40  mm  net  diameter 
0.33  mm  root  radius,  r 
60“  flank  angle,  co 


Kn  =  2.65;p  =  0 .0066,  where  Kn  =  1  + 


JL—  [Z 


Surface  Condition:  Unnotched:  Longitudinal  hand  polish  with  400  grit  paper 
Notched:  Hand  polished 


Percent  F.  at  Room  Temperature  Percent  F.  at  Room  Temperature 
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FIGURE  2.6.9.2.1(a).  Effect  of  temperature  on  the 

ultimate  tensile  strength 
(Ftu)  of  17-4  PH  (H900,  H1025 
and  H1075)  stainles  steel 
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FIGURE  2.6.9.2.1(b).  Effect  of  temperature  on  the 

tensile  yield  strength  (Ftv) 
of  17-4  PH  (H900,  H925 ,  H1025, 
and  H1075)  stainless  steel 
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SURE  2.6.9.3.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (F  )  of  17-4PH  (H1150) 
stainless  steel  (bar). 
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FIGURE  2.6.9.3.1(b).  Effect  of  temperature  on  the  tensile  yield 

strength  (Fty)  of  17-4PH  (H1I50)  stainless 
steel  (bar). 
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2.6.10  17-7PH 


2.6.10.0  Comments  and  Properties. —  17-7PH  is 
a  semiaustcnitic  stainless  steel  used  where  high 
strength  and  good  corrosion  and  oxidation  resis¬ 
tance  are  needed  up  to  589  K.  This  steel  is  sup¬ 
plied  in  Condition  A  for  ease  of  forming. 

Material  specifications  for  17-7PH  stainless 
steel  are  presented  in  Table  2.6.10.0(a). 


Table  2.6.10.0(a).  Material  Specifications  for 
7  7-7 PH  Stainless  Steel 


Specification 

Form 

MIL-S-25043  . 

Plate,  sheet,  and  strip 

AMS  5644  . 

Bars  and  forgings 

Manufacturing  Considerations. — 17-7PH  in 
Condition  A  is  readily  cold  formed  or  cold 
drawn.  Conventional  inert-gas  shielded  arc 
and  resistance  techniques  arc  generally  used 
for  welding.  Vapor  blasting  of  scaled  Condi¬ 
tion  TH 1 050  parts  is  recommended  because  of 
the  hazards  of  intergranular  corrosion  during 
pickling  operations. 

Heat  Treatment. —  17-7PH  must  be  used  in 
the  heat  treated  condition  and  should  not  be 
placed  in  service  in  Condition  A  or  T.  Condi¬ 
tion  A  should  be  restored  by  resolution  treat¬ 
ing  when  this  condition  has  been  altered  dur¬ 
ing  processing  operations  such  as  hot  working, 
welding,  or  brazing.  The  heat  treatment  pro¬ 
cedures  for  this  steel  are  compatible  with  the 
cycles  used  for  honeycomb  panel  brazing. 

In  hardening  this  steel  from  Condition  A  to 
Condition  TH1050  a  net  dimensional  growth 
of  0.0045  m/m  will  occur. 

The  heat  treatment  to  anneal  17-7PH  is: 

Condition 

Treatment  Designation 

1311  +  15  K  -  Condition  A 

Air  Cool 


The  transformation  treatment  from  Condition 
A  is  as  follows: 


_ Treatment _ 

1033  +  15  K  -  90  Min. 
Cool  to  289  “5  K  for 
30  Minutes 


Condition 

Designation 

Condition  T 


The  hardening  treatment  for  17-7PH  is; 

Condition 

_ Treatment _  Designation 

839  K  +  5  K  -  90  Min.  TH1050 

Air  Cool 

Environmental  Considerations. — The  resis¬ 
tance  of  17-7Ph  to  stress-corrosion  cracking  in 
chloride  environs  has  been  evaluated  and 
found  to  be  superior  to  that  of  the  alloy  steels 
and  the  hardenable  chromium  steels. 

Strength  properties  are  lowered  by  exposure 
to  temperatures  above  about  797  K  for  periods 
longer  than  one-half  hour. 

Room-Temperature  Properties 

The  room -temperature  properties  of 
17-7PH  are  shown  in  Table  2.6.10.0(b)  and 
(c). 

The  physical  properties  of  this  alloy  at  room 
and  elevated  temperatures  are  presented  in 
Figure  2.6.10.0. 

2.6.10.1  TH1050  Condition. — Effect  of  tem¬ 
perature  curves  for  various  mechanical  proper¬ 
ties  are  presented  in  Figures  2.6.10.1.1(a) 
through  2.6.10.1.4. 

Tensile  and  compression  stress-strain  curves 
at  room  temperature  and  at  several  elevated 
temperatures  are  presented  in  Figures 
2.6.10.1.6(a)  and  (b).  Typical  compressive 
tangent-modulus  curves  at  various  tem¬ 
peratures  arc  presented  in  Figure 


TABLE  2.6.10.0(B).  OESIGH  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

17-7PH  STAINLESS  STEEL 


SPECIFICATION . 

HlL-S-25043  1 

AMS  5644 

FORK . 

PLATE,  SHEET. 

,  AND  STRIP  i 

BAR  ANO  FORGING3 

CONDITION . 

TH1050 

TH105O 

THICKNESS,  MM . 

0.13- 

12.70 

<76.20 

BASIS . 

S 

MECHANICAL  PROPERTIES! 

FTU,  MPA! 

. . . 

•  •• 

•  •  • 

1170 

T . 

1220 

1270 

•  •  • 

FTY ,  MPA! 

. . 

•  «• 

•  •  • 

|  965 

. . 

1030 

1170 

*  •  • 

FCY,  MPA! 

L . 

•  •  • 

1010 

T . 

1090 

1230 

FSU,  HPA  .  •  . . 

793 

827 

765 

FBRU,  MPA! 

(E/D= 1.5) . 

2010 

2100 

1930 

iE/0=2.0> . 

2440 

2540 

2340 

FBRY ,  MPA! 

(E/0= 1.5) . 

1550 

1740 

1450 

(E/0=2.0) . 

1700 

1920 

1590 

EL,  PERCENT! 

. . 

T . 

•  •  • 

c 

•  •  • 

6 

•  *  • 

E,  GPA . . . . 

200.  0 

EC,  GPA . 

206.6 

G,  GPA . 

75.8 

MU . 

0.32 

PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . . . . . 

7.  64 

C,  J/ (G*K) . . . . . 

K,  H/(H*K) . 

SEE  FIGURE  2.6.10.0 

ALPHA,  10-6  M / ( H* K ) • • 

SEE  FIGURE  2.6.10.0 

aTHESE  PROPERTIES  ARE  t 

!QT  APPLICABLE  TO  THE 

’TRANSVERSE  DIRECTIONS.  BAR  ANO 

FORGINGS  SHOULD  NOT  BE  USED  FOR  PARTS  SUBJECT  TO  TRANSVERSE  LOADS. 

’THE  A  AND  8  VALUES  REPRESENT  MATERIAL  THAT  HAS  NOT  BEEN  COLO  WORKED  PRIOR  TO 
FINAL  HEAT  TREATMENT.  DIFFERENT  ABSOLUTE  VALUES  MAY  BE  FOUND  IN  MATERIAL 
THAT  IS  COLO  WORKED  AND  THEN  HEAT  TREATED. 

:SEE  TABLE  2.6.10.0(C). 


,  W/(m  K) 


TABLE  2.6.10.0(c).  Percent  Elongation  Values  for  17-7PH  (TH1050) 

Stainless  Steel  (Sheet,  Strip  and  Plate) 


Thickness, 

inm 

Elongation  (LT) , 
percent 

0.038  to  0.125 

3 

0.126  to  0.252 

4 

0.253  to  0.506 

5 

0.507  to  4.761 

6 

4.762  to  12.70 

7 

FIGURE  2.6.10.0.  Effect  of  temperature  on  the  physical 
properties  of  17-7PH  stainless  steel. 


FIGURE  2.6.10.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  17-7PH  (TH1050) 
stainless  steel. 


Temperature,  K 

FIGURE  2.6.10.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (Fty)  of  1/-7PH  (TH1050) 
stainless  steel. 
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FIGURE  2.6.10.1.2(a).  Effect  of  temperature  on  the  compressive 

yield  strength  (F  )  of  17-7PH  (TH1050) 
stainless  steel. 
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FIGURE  2.6.10.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (Fru)  of  17-7PH  (TH1050) 
stainless  steel. 
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FIGURE  2.6.10.1.3(a).  Effect  of  temperature  on  the  ultimate 

bearing  strength  (F  )  of  17-7PH 
(TH1050)  stainless  sEeel. 
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FIGURE  2.6.10.1.3(b) . 


Effect  of  temperature  on  the  bearing 
yield  strength  (F,  )  of  1/-7PH 

(TI11050)  stainlessrsteel. 
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FIGURE  2.6.10.1.4.  Effect  of  temperature  on  the  tensile  and 

compressive  moduli  (E  and  E  )  of  17-7PH 
(TH1050)  stainless  steel? 
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FIGURE  2.6.10.1.6(b) . 


Strain,  O.OOi  rnm/mm 


Typical  compressive  stress-strain  curves  at  various 
temperatures  for  17-7PH  (TH1050)  stainless  steel 
(sheet) . 
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Compressive  Tangent  Modulus,  GPa  (x  10) 


FIGURE  2.6.10.1.6(c).  Typical  compressive  tangent-modulus  curves  at  various 

temperatures  for  17-7PK  (TH1050)  stainless  steel  (sheet) 
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2.7  Austenitic  Stainless  Steels 

2.7.0  COMMENTS  ON  AUSTENITIC 
STAINLESS  STEELS 

2.7.0. 1  Metallurgical  Considerations. — The 
austenitic  or  "18-8”  stainless  steels  were 
developed  originally  as  corrosion-resistant 
alloys.  However,  they  also  possess  excellent  ox¬ 
idation  resistance  and  good  creep  strength  at  ele¬ 
vated  temperatures,  together  with  good  cold  form- 
ability  and  other  properties  of  interest  in 
airframe  and  missile  applications.  They  are 
presently  being  used  extensively  in  sheet  form  for 
portions  of  the  airframe  having  ambient  tem¬ 
peratures  too  high  for  aluminum  alloys  and,  with 
the  development  of  sandwich  structures,  are  gain¬ 
ing  additional  uses.  These  steels  are  also  used  ex¬ 
tensively  at  cryogenic  temperatures. 

The  two  main  alloying  elements  in  the 
austenitic  stainless  steels  are  chromium  and 
nickel.  Chromium  imparts  corrosion  and  oxida¬ 
tion  resistance  and  high-temperature  strength, 
and  nickel  gives  these  alloys  an  austenitic  struc¬ 
ture,  with  its  associated  toughness  and  ductility. 
Columbium  or  titanium  is  usually  added  as  a 
stabilizer  when  welding  is  involved.  Sulfur  and 
selenium  arc  often  added  to  improve 
machinability. 

These  alloys  are  not  hardcnablc  by  heat  treat¬ 
ment  but  are  capable  of  achieving  high  strength 
levels  through  cold  working.  The  strength  im¬ 
parted  by  cold  working  is  decreased  by  expo¬ 
sure  to  temperatures  above  about  755  K. 


2.7.0.2  Manufacturing  Considerations. 

Forging. — The  stainless  steels  have  much  lower 
thermal  conductivity  than  the  lower  alloy  steels 
and  are  susceptible  to  grain  growth  at  forging 
temperatures.  Hence,  soaking  times  must  be  ade¬ 
quate  to  permit  thorough  heating  of  the  billet  but 
soaking  temperatures  and  times  must  be  con¬ 
trolled  carefully  to  limit  grain  growth  when  small 
reductions  are  involved  dunng  forging.  At  forg¬ 
ing  temperatures,  the  stainless  steels  are  stronger 
than  the  alloy  steels,  and  forging  must  be  con¬ 
ducted  at  higher  temperatures  and  heavier  forg¬ 
ing  equipment  and  more  frequent  reheating  are 
required.  The  stainless  steel  billets  forge  much 
better  w'hen  the  surface  is  free  of  defects,  and 


machine  turning  of  the  billets  is  advisable. 

Cold  Forming.— Because  of  their  austenitic 
structure  at  room  temperature,  the  stainless  steels 
have  excellent  ductility  for  cold-forming  opera¬ 
tions  when  in  the  annealed  conditions.  They  are 
considerably  stronger  than  mild  steels  and  re¬ 
quire  more  powerful  equipment.  They  work  hard¬ 
en  rapidly,  and  intermediate  anneals  may  be  re¬ 
quired  in  deep  drawing. 

Machining. — The  machining  of  the  austenitic 
stainless  steels  is  not  particularly  difficult  if  prop¬ 
er  steps  are  taken  to  combat  the  work-hardening 
tendencies  of  these  steels.  The  use  of  heavy 
machines,  slow  speeds,  deep  cuts,  and  properly 
designed  cutting  tools  with  a  fairly  steep  top  rake 
produces  the  best  results.  Cold-worked  material 
possesses  somewhat  better  machinability  than 
hot-finished,  annealed  material.  These  steels  also 
are  available  in  free-machining  grades,  contain¬ 
ing  sulfur  or  selenium. 

Welding.— The  austenitic  stainless  steels  can  be 
welded  by  almost  any  of  the  usual  techniques  ex¬ 
cept  carbon  arc,  provided  adequate  steps  are 
taken  to  prevent  oxidation  or  carburization  of  the 
weldment.  The  stabilized  grades  are  preferred  for 
vvcldcd  parts  that  arc  used  in  the  as-welded  con¬ 
dition  under  corrosive  conditions.  The  free- 
machining  grades  are  not  recommended  for 
welding. 

Filler  rods  shoulu  be  the  same  composition,  or 
slightly  higher  in  alloy  content,  as  the  material  to 
be  welded.  Special  fluxes  designed  for  use  with 
stainless  steels  should  be  employed,  except  in 
atomic  hydrogen  or  inert-gas-shielded  arc 
welding. 

Spot  and  roll  scam  welding  also  are  used  to  a 
considerable  extent. 

Brazing. — Special  techniques  have  been 
developed  for  silver-soldering  and  brazing  these 
steels.  Solders  and  fluxes  especially  designed  for 
these  steels  should  be  used,  surfaces  must  be 
thoroughly  cleaned,  and  close  control  of  tem¬ 
perature  must  be  followed. 

2. 7. 0.3  Environmental  Considerations. — The 
austenitic  stainless  steels  have  excellent  oxidation 
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resistance  at  high  temperatures,  and  their  ele¬ 
vated-temperature  service  is  usually  limited  by 
strength  criteria.  They  also  possess  unusually 
good  resistance  to  corrosion  by  most  media. 
Prolonged  exposure  of  the  non-stabilized  grades 
to  temperatures  between  644  and  1172  K  makes 
them  susceptible  to  intergranular  corrosion. 

2.7.1  AlSi  301 

2. 7. 1.0  Comments  and  Properties. — Of  the 
austenitic  stainless  steels,  AIS1  301  is  the  one 
most  frequently  used  at  high  strength  levels  in 
aircraft,  mainly  because  of  its  greater  work¬ 
hardening  characteristics. 

Material  specification  for  AISI  301  stainless 
steel  is  presented  in  Table  2.7.1.0(a). 

Type  301  should  not  be  used  for  extended 
periods  at  temperatures  of  672  and  1172  K 
ana  should  not  be  cooled  slowly  from  higher 
temperatures  through  this  range. 


Table  2.7.1.0(a).  Material  Specification  for  AISI 
301  Stainless  Steel 


Specification 

Form 

MIL-S-5059 

Plate,  sheet  and  strip 

Type  301  is  strengthened  by  cold  working,  If 
cold -worked  Type  301  is  subjected  to  tem¬ 
peratures  above  755  K,  its  room-temperature 
strength  is  reduced. 

Room-Temperature  Properties 

The  room-temperature  mechanical  and 
physical  properties  for  AISI  301  stainless  steel 
are  presented  in  Tables  2.7.1.0(b)  and 
2.7.1.0(c). 

The  physical  properties  of  this  alloy  at  room 
and  elevated  temperatures  are  presented  in 
Figure  2. 7. 1.0. 

2. 7. 1.1  Annealed  Conditions. — No  elevated-tem¬ 
perature  properties  are  presented  for  this  condi¬ 
tion.  Typical  room-temperature  tangent- 
modulus  curves  are  presented  in  Figures 
2.7.1.3.6(a)  through  (b). 


2. 7. 1.2  Quarter-Hard  Condition. — No  elevated- 
temperature  properties  are  presented  for  this 
condition.  Typical  room-temperature  tangent- 
modulus  curves  are  presented  in  Figures 
2.7.1.3.6(a)  through  (b). 

2. 7. 1.3  Half-Hard  Condition. — Effect  of  tem¬ 
perature  curves  for  various  mechanical  properties 
for  this  condition  are  presented  in  Figures 
2.7.1.3.1(a)  through  2.7. 1.3.4.  Typical  tangent- 
modulus  curves  for  this  condition  are  presented 
in  Figures  2.7.1.3.6(a)  through  (b). 

2. 7. 1.4  Three-Quarter-Hard  Condition * — No  ele¬ 
vated-temperature  properties  are  presented  for 
this  condition.  Typical  room-temperature 
tangent-modulus  curves  are  presented  in 
Figures  2.7.1.3.6(a)  through  (b). 

2. 7. 1.5  Full-Hard  Condition. — The  full-hard  con¬ 
dition  is  a  standard  AISI  temper  and  is 
developed  by  cold  rolling  40  to  50  percent. 

Effect  of  temperature  curves  for  various 
mechanical  properties  for  this  condition  are 
presented  in  Figures  2.7.1.5.1(a)  through 
2. 7. 1.5.4.  Typical  room-temperature  com¬ 
pressive  tangent-modulus  curves  are  presented 
in  Figures  2.7.1 .3.6(a)  through  (b).  Tensile  and 
compressive  stress-strain  as  well  as  tangent 
modulus  curves  at  room  temperature  and 
several  elevated  temperatures  are  presented  in 
Figures  2.7.1.5.6(a)  through  (d). 

TABLE  2.7.1.0(c).  Elongation  Values  for 

AISI  301  Stainless  Steel 


Condition 

Thickness,  i 

nun 

Elong¬ 

ation, 

percent 

Annealed . 

0.39  and  under 

40 

0.40  to  0.77 

45 

0.78  and  over 

50 

Quarter-hard. . . 

0.39  and  under 

25 

0.40  and  over 

25 

Half-hard . 

0.39  and  under 

15 

0.40  and  over 

18 

Three-quarter- 

0.39  and  under 

10 

hard . 

0.40  and  over 

12 

Full-hard . 

0.35  and  under 

8 

0.40  ana  over 

9 

TABLE  2.7.1.00), 


OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
AISI  301  STAINLESS  STEEL 


SPECIFICATION. 

FORM . 

CONDITION . 

THICKNESS.  NM. 
BASIS . 


ANNEALED 


1/4  HARO 


_ HIL-5-50592_ 

SHEET  AND  STRIP 
J  l/~2  HARO 


MECHANICAL  PROPERTIES) 
FTU.  MPA : 

L . 

LT . 

FTY,  MPA  : 

L . 

LT . . . 

FCY  «  MPA  t 

L . 

LT . 

rSU,  MPA.. . 

FBRU,  MPA) 

. . 

(E/D*  2. 0 ) . 

F3RY.  HPAt 

(E/0=1.5) . 

(E/0=2.0> .. . . 

EL, i  PERCENT . 

E,  GPAl 

. . 

LT . . . 

EC,  gpa: 

L . 

LT . 

G,  GPA . 

MU . . 


972  1040 

979  1050 


3/4  HARO 


1080  1160 
1120  1190 


538  627 
869  1020 

607  641 


FULL  HARO 


945  1050 
062  979 

593  676 
958  1090 
655  689 


1680  1750  1960  2100  2250  2390  2410  2560 


200.0 

200.0 

193.1 

193.1 

86.2 


862  11050  1150  | 1320 

C  I  c  c 


179,3 

186.2 

82.7 


1380  1630 

c  c 


1660  11390 

c  |  c 


PHYSICAL  PROPERTIES! 

OMEGA ,  MG/M 3 . 

C,  J/(G*K) . . 

K,  H/(H*K) . 

ALPHA,  10-6  M/(H*K)., 


7.92 

SEE  FIGURE  2. 7. 1.0 
SEE  FIGURE  2. 7. 1.0 
SEE  FIGURE  2. 7. 1.0 


‘‘PROPERTIES  for  ANNEALEO  CONDITION  ALSO  APPLICABLE  TO  AISI  301  PLATE  AND  TO 
ANNEALED  AISI  302,  303,  304,  321,  AND  347. 
bpTU  AND  FTY  VALUES  LESS  THAN  SPECIFICATION  VALUES. 

SEE  TABLE  2.791.0(C) . 

NOTE:  YIELD  STRENGTH,  PARTICULARLY  IN  COMPRESSION,  AND  MODULUS  OF  ELASTICITY 
IN  THE  LONGITUOINAL  DIRECTION  HAY  BE  RAISED  APPRECIABLY  BY  THERMAL  STRESS- 
RELIEVING  TREATMENT  IN  THE  RANGE  533  TO  700K. 
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FIGURE  2. 7. 1.0.  Effect  of  temperature  on  the  physical 
properties  of  AISI  301  stainless  steel. 
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FIGURE  2.7.1.3.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (F  )  of  AISI  301 
(half-hard)  stainless  steel. 
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FIGURE  2.7.1.3.1(b).  Effect  of  temperature  on  the  tensile 

yeild  strength  (Ft  )  of  AISI  301  (half- 
hard)  stainless  s^eel. 
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;URE  2.7.1.3.2(a).  Effect  of  temperature  on  the  compressive 
yield  strength  (F  )  of  AISI  301  (half- 
hard)  stainless  s?^el. 


FIGURE  2.7.1.3.2(b).  Effect  of  temperature  on  the  ultimate  shear 

strength  (P  )  of  AISI  301  (half-hard) 
stainless  steel. 
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FIGURE  2.7.1.3.3(a).  Effect  of  temperature  on  the  ultimate 

bearing  strength  (F  y)  of  AISI  301 
(half-hard)  stainless  steel. 


I»T7^i»BBBBM>BBB«BBBBIBBBBBBBBBBBBBBIBBBB^BBBBBBBBBBBBBBBBBBI«BBBBBBB 
BBBBB«i»r,#B  BBBBBBBBBB  BBBBBBBBBB  BBBBIBI88I IBBBBBBBBB  BBBBBBBBBI  BBRRBVtVBI 
BBBBBBBBBB  nJTT^B BBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBB BBBBI 
■MMB|IBIBIBB».'?«aiBIIBBiaaB8BBBIIB8aaiBHMMMMHHMMM| 

■  BBBB  BBllBBkB»7 •BBBB BBBBB BBBBBBBBBB B 


PS^BBBBIIBIBIBfllllBlBIIRBBBBBBlBkhwa'BIBBBBIB 
|*T|J BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBb'^BBBB B 


Strength  at  temperature 
Exposure  up  to  \  hr 


BBBBBBBBBB BBBBBBBBBB 1 


•BBBB  B 
IBBIRl 

ibbbbI 

IBBBBI 

ibbbbI 

ibbbbI 


■BIBB BBBBBBBBBBBBBBB  BBBBBBBBBB BBBBBBOBBB^ 

BBBBI RBBBB  R BBBBBBBBB  RBBBB  BBRBB  BBBBB  118*^811 

BBaaBBBBBB  118811888881881888811  BBBBBBBBBB 
BBBBBBBBBB  BBBBI  BBBBB  BBBBB  BBBBB  BBMB1  BBBBB  BB**«a  BBBBB  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  | 

■MMMP  B  S 


B RBBBB B 


°>s40 


. . Ill 

8  BBBBBBBBBB  *n8BBBBB8B BBBBBBBBBI BBBBBBBBBB  BBBBBBBBBB I 
la  BBBBI BBBBI BB*'*B  BMBBB  BBBBBBBBBB BBBBBBBBBI RBBBBBBBBB I 

BBBBBBBBBB  BBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  ■ 

SB!  BBBBBBBBBB  BBBBBBBBBB  BBBBBBb^BB  BBBBB  BBBBBBBBBB  BBBBI  BRBBBBBBBa| 
■l BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB IBB BB BBBBB RBBBBBBBIB BBBBB BBBBI  I 
_ __^BBb BBBBB  BBBBB  BBBBB  BBBBB  BBBBBBBBBB 'BBBBBBBBB  BIBBI BBBBI RBBBB  RBBBB | 

BBBBB  RBBBB BBBBBBBBBB BBBBB BBBBB BBBBB BBBBB BBBBBBBBBB ak.^BBBiB8BBaaBBBBB8B BBBBBBBBBB I 
BBBBBBBBBB  BBBBB  nBM  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  ■BB.'B BBBBB  BBBBBBBBBB  BBBBBBBBBB  | 
RBBBB  BIB  BB  RBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBBBBBBI  BBBBB  BBBBB  BBBBBBBBBB  I 
BBBBBBBBBB  BBBBB fiaBRB  BBBBBBBBBB  BBBBBBBBBB  BBBBB  BBBBB  RBBBB  BK.'BBBRBBBBBBBB«BBBBBIBB8a| 
BBBBBBBBBB BBBBBBBBBB  BBBBB RBBBB BBBBI BBBBB BBBBB BBBB BBMBBB Bilk ^8 BBBBB BBBBB BBBBB BBBBB | 
BBSBB  88881 BBBBBBBBBI 1888888181 88888 BIBBI  BBBBBBBBBB  BBiaBBBSB'.  BBBBBBBBBB  BBBBB  BBBBB  I 
BBBBB  BBBBB  BBBBBBBBBB  BBBBB  BBBBB  BIBBI  BBBBB  8888888888 BBBBBBBBBB  b^BBB  BBBBB  8888118888 1 
8888888888  BBBBB  BBB8B  BBBBB  BBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  8888118888 I 
BIBBS  RBBBB  BBB  Si  BBBBI BBBBBBSrBB  BBBBB  BBBBB  BBBBBBBBBI BBBBBBBBBI BBBBBBBBBB  BBMBBB8BBB I 
BIB  Ba&aaBBSBgBiBBBBBRBBBB  BBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBSBBBBBBBaBBBBBBBBBBaBBaBSal 
BBBBi  BBaMiBSBlBBBiaglBBBBBBBB  BBBBB  BBBBBBBBBBBBBBB  BBBBBBBBBaaBBBBaaaBBBBBBBBBBBa  | 
BBBBBBBBBB  BBBBBBBBBB  fcgBBBgBBBiMBBBBBBBB  BBBBBBBBBB  BBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBB  1 


I  IB  a  IB  BBBBB  BBBB 

■■RamaaiiaMMHI 
rasas  bbbbb  ia8*aiasii 


IBBBBBBBI BBBBBBBBBB BBBBB BBBBB BBBBBBBBBB BBBBB BBBBB BBBBB BBBBB 
BBB BBIBB BBBRB BBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB. 
iaaRaBBaBBBBlBaBBI BBBBBBBBBB ■BBBBiBBaaBBiBBBBBBBBBBBaBBBBa 


gHHaaaiaiaai  iimMlMHIIBBIMMIBMBHinMMH 

■8iBBB  BBBBBBBBBI  BBBBB £  Bill iilil BBBBB liflB BBBBI liBJRB liiBB  I 

I SaafiBiBBaa bbbbb KBsaaiBaBaaBBaa bbbbb bbbbbbbbbb BasaaBaaBa  I 
MB I 81 BBBBBBBBBI BBBBBBBBBB BBBBB BBBBBBBBBBBBBBB BBBBB BRBBBl 
||MMMMMii||MM|M|MMIIIIIIBlRRBRBailBBRIIIBBl 

BBBB  BBBBB IBB BBBBB BIBB  BBB  B 


BHBbIBBB  BBBBB  BBBBBBBBBB  BBBBI  BBBBB  BBBBB  I 
188888**8118188888881888888881 BBBBBBBBBB  I 
BBBBBBBBBiBBBBBBBBByBBBBBBBBBBBBBBBBBBaB 


■BBBB]  B1 

|«C«Ric 

I  BBBBBBBSBBBSBiniBaBBlB^l 

|  is5*«sbs»r»  bbbbb bibbs  mi 

llBRIiriBlH _ 

BBBBB  BBBBi BBBBB BBBBB BBBBBBBBBB BBBBB BBBBB BBBBB BBBBBBBBBBBBBBB BBBBB  BBBBB BBBBB BBBBai 
801  BBBBBiBBBB BBBBB BBBBB BBBBB BBBBB BBBBBBBBBB BBBBB BBBBBBBBBB BBBBB BBBBB BBBBB BfBB BBBBB 


•BBB*  mil  BIBBS  RBBBB  IRItt  BBlBBBlItRB  Bl 

RBBBB  BBBBI BBBBBBBBRRBBBBB  BMBBBBBBBBj 

■■■BBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBIBaBBBRnHHHHHHHHIHHiHHH^^H^^H^H^IH 
BBB  BBBBB  BBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBB1BBBBB  BBBBBW1 
BSiSBBSi  SBBSB  BSBSi  1BBBBBB1SS  pBBSS  BBBll  BBBBBBBBBB  BBIBB  BBRBB  BSBBB  BBBBB  BBBBB  BBB1 
BBB  BBBBi  BBBBBBBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBSBB  BBBBB  BBBBB  BBIBB  BBBBI  Bill 


FIGURE  2.7.1.3.3(b) 


Temperature,  K 

Effect  of  temperature  on  the  bearing  yield 
strength  (F,  )  of  AISI  301  (half-hard) 

stainless  steel. 


-  ./•  V-Y 


2-191 


Percent  ES  Ec  at  Room  Temperature 


|RRBii!!!rrRa8aBa3aRBaBRRaaRBBRaaBRaiBRSBaBBRRaBBaRBBRRaaBRBRa8RRaaBiaRaB8RaiRaBBa| 

laaKaa«aBka«»»r«aiiaaBRaaaRaaiaaaaaiaB«aaM*aaaiiiiaMaaaaaaaaaiaaNiaaaaaaaaa8aia| 

I  BBBBBB8BBB  BBBBIBa»»XT  RBBBB  8  BRBB  BBBBRBBBBI  BBBBB BBBBB BBBBB *BRBB BIBB B BBBBB BBBBBBBBBR 1 
laBBBBaBBBaiBBBaBBBBBBBM^r^BBaaBBBaaaBaBaaaiaBaaBaaBaaaaaBaaaBBBaaaaaBBiBBaBaaaaBl 
^^^H^^^^HHHH^K^H|aBRRRaiaiBBaBiaBiiaauiaaijBBiaaBBial 


■■■■■■■■■■■■■■■rBaaRBaBRBBRaBaaaaRBRaBRRBRaBBaaaaaaaBaaaBaBaBBRaBBBaaR 
IBBBBUBBBI  BBBB1BBBBB  BBBIBBBr*^  *«BHBBB|B  BBBBRBBBBI  BBBBB  BURR  RBI  BIB  BBBR  p BBBB BBBBB 
I  BBRBiailBIBRBBIBIBlM  BBBBBBBBBR  RBBfc»r*RaB  BBBRBBRBBB  RBBBR BBBBB  RBBBRRRBBB  BBRBBRBBRB 
laiRBIBBRRBBIBBBRBRRI  BBBRR BBBRR BBBBB BBBa*  rMa*RBBBRB8  BBBBB  *RRRI  BBBBRRRRRB  RBBBR  RRBBR 
I  RBBBB IRBRB  8RRBRRBBB8 BBBRR RRRRB  BBRBBRBBBB  RRBa»«r',aB  BBBBB  BBBBB  BBBBBBRRHR  BBBBB  BBRRR 
1 BBBBB BBIR I RBBII RBBBB  R8RIR BBBBl  BBBBBBBBBI BRBBBBBBBm  •IT’*  "I  BBBBB IBRR8RBR8IIIRBHRRBHR 


ft  BBBBBBBBBBBBBBaBBBBBBBBBaaaBaa  B 


llliaiiaHRIBIBBaiaaRI»i>r<<*  III  RIB  BIRR  bbbbbhbbbb  I 


pffiHMffinSwuu^BSSnnunM^SriSBHBSaffn^^nnmnSHHMunnuunnmSnMHunu^^^KMun^H 

I  BRBB  BIHaBRBRRRB  BRBB  B  RR  BIB  HR  BBB  HR  BIB  BBBRR  BB  ■■!*■*********************************■ 
I IRBRI BIB ■•>■■!« RttBIB RBBBB BRRIIIRBB1BIBRR lllll 
IfliailiaBRBRHiaiBRBlIBBBRHBBRBiaBaBIHIRBRBaRH 
I  BBBBl RBBBB  BBHIR BBBBB  BBBB BBRRBl BBBBB BBBBB  BBBrI 
I BBBRR1IBBI BRIBR  BBBRR  iBBIBIBRIBRRBRIRIBRIRBBlI 


I RRR HR IHRIR BRIBR RBRRR  BRB8RBBBRBBBBBIBaBHB RRR  1 1 
I BBBRRRBBBR  BBRiIbHBHB RRBBRRRRRB  RRRRRRIRBI BBBR I 
I BRBB8RIBR8RRRRR RRRRB  BBBRR BRBR ■ BRBRR BBBBl RRBBR 
1 BBBBB  RBBBB RBRIIRRRIR RRRaRBRRRI BBBB BBBBB BBBBB I 


BBBBBBBBBBBBBB 


U  RBBBBBaBRRBBUaBRBBaRSaaBaSRBaRRRBaBRBR8BBBB8BaRaSRBaaBBBRRBBBBaBBHMHMHHMI 

|  BBBBR  BBBBB  RBBBR RBRRR  BBBBBBBBBR  BBBBH  BBBBB  BBBBBBRRBRRBBBBaBBaa  BBBBB  BBBBB  B8iBBBBBaa| 
|  BRB8B BBBBB  BBBBBBBBRB  BBBBB BBBBB  BBBRR BBBBl RRRRB RI8BaiRRRR*RRRRBIRBR RRRRB RIRRaRRRR*  I 
|  BRRRR RBBRBRRRRR BRIBR BRBRR RRBRI  BBBII BBBBl BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BRBBH I 
■  BaBaaBBaBBBBBBRBBBBa  BBBBB  BBBBB  BBBBl  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BRBBBBBBBB  BBBBB  BBBBB  | 
I  BBBBB  BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BBBBl BBBBB BBBBB BBBBBBBBBB BBBBB BBBBB BBBBB BBBBB  I 
I  RRR  88 IRRII RRIIIR8II8VIBI8 RRRRRRRRRIRI III BBBRI RBRRR  BBBBB BBBBB BBBBB BBBBB  BBBBB BBBBB  | 
(■■BBa  BBBBB BBBBB BBBBB  BBBBB BBBRR BBBBl BBBRR BBBBB BBBBB BBBB B BBBBR BBBBB BBBBB BBBBB BBBBB  I 
BBR  RBBBB BB BIB RBBBB RBBBB BBBBB BBBBB BBBB I BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB! 
BBIBBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BajlBIBBBBi  BBBRR  BBBBB  BBBBB  BBBBB  RBBBB  BBBBB  RBBBB  BBBBal  I 

i®®*?*l!BRBaa*ai BBBRR RaRRaBRRRRaRRRR BBBRR RBBRRBRBRRRRRRRBBBRBRRRRRaBRBR BBBBB BBBB*  I 
laBRRiaaRHRaRaBaRRRaaaiRaiRaRaaRRaRiRRaifiiBHaaHaaaaBBaaaBBBHBiiBaaHBRRiBRaaBRiiBBl 
I  RRR8IIIBBR BBBRI HIRRRiRRIIRRBRR RRBBR RRRRI RBRRRBRRRa  RRRRRRRRRR BRBRR RRBRI BBBBB BBBB* I 
I  aaRBaiRRIB iaRRIRRBRR  RBBIR BBBBB  BRBR I BBBBl BRRRBRRBRB hRRBRRRBRR RBRRR RBRRR BBRBBRRRR*  I 
I  *BBBaBBBBB***B8R8BBBB*BBBRii*BR  RBRRR  RRRRI  BBRBBMBBBB  BBBBB  BBBBB  BBBBBBBIBB  BBBBB  BBBB*  I 
I  BBBRR  RBBBB IBB8BRBBBRBBBBBBBBBB  BBBBBBBBRB BBBBB BBBBB RBBBB BBBBB BRBBRBBBBB R BBBB BBBB*  | 
|*****M|BRIIIBRRIIRaRa|iaaiRfi8BaiaiBBaHBBHaRBBaBRI(HIBaRaBaRHBBBIBHBIRRIiaiBBBHiHBBBl 
HbIR IBRHBRRBBa RBBBBBBBB1 RHBBaBBBBR BBBBB B B B BB RBBBB BBBR R RIB I B BB RBI BBBBB BBBB*  I 
■BBIRRRRIIRSrHI BBBBl R BIRR  RBBBB RBBBR  RBBBB BBRRR  RBRRaBRRBR  BBRRBRRRRR  RRBBR  BURR  I 

■IHaiaia  rbbbbrbbbb  bbbrirrbbb  aiiaa  brbrr  bbbbb  bbsbb  bbbbb  Sbbbb  bbbbb  bbbbb  bbbbbbbbb*  I 
J  RRRRI  BRIBR  IRRIIRBIIBRRRIRRVRRR  RRRR8URR8  RRRRI  RRRRB  IRRIRRlURRIRIRR8IRa  RRBBR  BIRR*  I 
■M*******MM************MM****  BBBBB  BBBBB  RBBBB  BBBBB  RBBBB  BBBBR  RBBBa  BBBBB  BBBBH  BBBB*  I 


I RRRIIBRRI 

1 *8BBB  BBBR 


I  *RRRRBBRBB  RRBBR  RRRRB  BBBBl  RRBBR  RBRRR  BRBRR  RBRRR  RRBBR  RBRRR RBBBB  RBBBB RBBBB  BRHRBHRBBMl 
I  RRRiailBRI IRBRI RBBIBIRRRRBMIRRRIH8IRRRI8 RRRRI RRRRB ■RRRRRRIHRR8BBRRRRRRIBRBRRBBB*  I 
I  BBafiaiBBRi iBaBaifliaa brrrr rbbbb rirbrrbrii brbrr rriri i rrrri iiri  RaaaiaBRBR  bbbbb bibb*  I 

I  RRRRI  IRBRI RRIRI ||R|| IRBRI RRRRRRRRRI RRR RIB HR Rl BRRRR IRBRHRRlRBiaaRR RR III RHRBR  BIRR* I 
I,  WBBBBBBBBB  BBBBB  BR  BIB  BBBBB  BBRBB  BBBBR  BBBBB  BBBBBBBaBBJIBBBBBBBBB  BBBBBBBBRB  BBBBB  BRBB*  | 


Temperature,  K 


FIGURE  2. 7. 1.3. 4.  Effect  of  temperature  on  the  tensile  and 


compressive  moduli  (E  and  E  )  of  AISI  301 
(half-hard)  stainless  steel. 
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Stress,  MPa 


FIGURE  2.7.1.3.6(a).  Typical  compressive  tangent-modulus  curves  for  AISI  3C1 

stainless  steel  (sheet  and  plate)  at  room  temperature. 
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Compressive  Tangent  Modulus,  GPa  (x  10) 

FIGURE  2.7.1.3.6(b).  Typical  compressive  tangent-modulus  curves  for  AISI  301 

stainless  sheet  (sheet  and  plate)  at  room  temperature. 
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FIGURE  2.7.3.5.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (F  )  of  AISI  301  (full- 
hard)  stainless  steei. 
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FIGURE  2.7.1.5.1(b).  F ffect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  AISI  301  (full-hard) 
stainless  steel. 
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FIGURE  2.7.1.5.2(a).  Effect  of  temperature  on  the  compressive 

yield  strength  (F  )  cf  AISI  301  (half- 
hard)  stainless  sEeel. 
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FIGURE  2.7.1.5.3(b).  Effect  of  temperature  on  the  bearing  yield 

strength  (F  )  cf  AISI  301  (full-hard) 
stainless  steel. 
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FIGURE  2.7.1.5.6(a) 


Typical  tensile  stress-strain  curves  at  room  and  elevatt 
temperatures  for  AISI  301  (full-hard)  stainless  steel. 
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2.8  Element  Properties 

2.8.1  BEAMS. — See  Equation  1.3. 2.3,  Section 
1.5. 2.5,  and  References  1.7.1(a)  and  (b)  for 
general  information  on  stress  analysis  of  beams. 

2. 8. 1.1  Simple  Beams.  Beams  of  solid,  tubu¬ 
lar,  or  similar  cross  sections,  not  subject  to  in¬ 
stability  (buckling,  crippling,  column,  lateral 
bending)  can  be  assumed  to  fail  through  ex¬ 
ceeding  an  allowable  modulus  of  rupture  in 
bending,  Ft,,  the  value  of  which  will  depend  upon 
beam  cross-section  geometry  and  beam  mate¬ 
rial  stress-strain  characteristics.  The  modulus 
of  rupture  in  bending  is  further  discussed  in 
Section  1.5. 2. 5. 

Round  Tubes. — For  round  tubes,  the  value  of 
Ft.  will  depend  on  the  DA  ratio,  as  well  as  the 
ultimate  tensile  stress.  Figure  2. 8. 1.1  gives  the 
bending  modulus  of  rupture  for  round  alloy-steel 
tubing. 

Unconventional  Cross-Sections. — Sections 
other  than  solid  or  tubular  should  be  tested  to 
determine  the  allowable  bending  stress. 


2. 8. 1.2.  Built-Up  Beams. — Built-up  beams 
usually  fail  because  of  local  failures  of  the 
component  parts.  In  welded  steel  tube  beams, 
the  allowable  tensile  stresses  should  be  re¬ 
duced  properly  for  the  effects  of  welding. 

2. 8. 1.3  Thin-Web  Beams. — The  allowable 
stresses  for  thin-web  beams  will  depend  on  the 
nature  of  the  failure  and  are  determined  from 
the  allowable  stresses  of  the  web  in  tension  and 
of  the  flanges  and  stiffeners  in  compression. 

2.8.2  COLUMNS 

2.8.2. 1  General. — The  general  formula  for 
primary  instability  is  given  in  Section  1.3.8. 
Both  primary  and  local  instability  are  dis¬ 
cussed  in  Section  1.6. 

2. 8. 2. 2  Effects  of  Welding. — The  primary 
failure  stress  of  a  column  having  welded  ends 
can  be  determined  from  column  curves  or  the 
column  formula  with  the  restriction  that  the 
column  stress  shall  not  exceed  a  “cut-off" 
stress  which  accounts  for  the  effect  of  welding 
on  the  local  failure  of  the  column. 
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,  Bending  Modulus  of  Rupture,  MPa 


2.8.3  TORSION 


2.8.3. 1  General. — The  torsion  failure  of  steel 
tubes  may  be  due  to  material  failure,  or  to 
elastic  or  plastic  buckling.  Pure  shear  failure 
usually  will  not  occur  within  the  range  of  wall 
thicknesses  commonly  used  for  aircraft  tubing. 


2. 8. 3. 2  Torsion  Properties. — The  curves  of 
Figures  2.8.3.2(a)  through  0)  arc  derived  from 
the  method  outlined  in  Reference  2. 8. 3. 2  and 
take  into  account  the  parameter  L/D;  the 
theoretical  results  set  forth  in  Reference 
2. 8. 3. 2  have  been  found  to  be  in  good  agree¬ 
ment  with  the  experimental  results. 


F2GU3E  2.8.2.3(a).  Allowable  col urn  stress  for  102?  steel  round  tubing. 
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FIGURE  2. 8. 2. 3  (b) .  Allowable  column  and  crushing  stresses  for  chromium 


molybdenum  streamline  tubing;  Ftu=517  MPa. 
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FIGt'RH  2.8.3.2(b>.  Torsional  modulus  of  rupture  - 

alloy  steels  heat  treated  to 

F„  =621  MPa. 
tu 


2-208 


900 


■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■I 

88388888888888888888888888888888888888881 

wmamiiiiiiaHiuiMMjiiiHM 
aaiaiaBaifliifluaiiBiiB 
I  BBilBlBBflflflBflflBIBflflfll  t  -1 
flfl|||BBIIIIBigiBlflBIBI 

BBfl|SBBflBIBBBBBIBIflfl>:ilfl 

1 88888vS55S8g8888S888S88888888888888888H 

[BBBBfKKB3BglBBligBtMgsS;S="!gggEggfgiiMBgBB] 

BBS4iiBBB£2gBBi 

_ _ _ _ __ . 3iB  *  BBi . 

laaaaaaaaaaaRaagaagaagsaaaaaiisgpaaaaBaBaal 
iMiinRBBaBgBaaaBaa&RaafisaaBBBaafisaHiiiB 

IBBBI  B  Kfc2«B*2BBB»2*  IBBBBI 

iBBBBBBBBBBBBBBfcjaiBBggBBBBIggBl 
MHHRBBBBBBBBBfei^BBBB^BBBBBl 

:  ■  IBBBBBBBB^gBBBBfeggBflflBBBBk 

■HjJHHJgBBBBBBBBBBBBIBgBBBBBBBgBa^BBB 

Il8B888|8B8888S8BS8fl8BBBBflBflliBBB8SSSBBSsB 

BMBBBBBBBBBBBBBBBBBBBBBBBBBBBBBiaBBBBBBBB 
HflifliiBflBBBflBBBflBBBBflgBBBBiBHBHiiHH 
ii  niiiBiiiiiin  ii 

bbbbbbbbbbbbbbbbbbbbbbbbbbbbbb  I  ■  _ 

BBBBBBBBBBBBBBBBBBBBBBBBBBB&BBBBBBBBBBh? 
jBIBBBBBIBBB JBBBBIBBBIBgBBBBBBBBBBBBBBBBI 


nail 

IBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBn— I 

kaii 

Mi 

■I 

..lil.. 

Maa3S?»ilggiggiaBii 

i  w  immwvip 

gaaBk:  iB^^BBhi^aaBai 

un^k:«^i  3  HHmp 

■BBBBB^B^k^BflBSBflflBS^BflBflflBBBMiHHHHi 

igBMBllS«BBfiPaBRS31BBBfi2P]IRBBBBBBBB»5S 
aiBBBBBBfci^^BW^BBBBggBBBBBfcSgPBBBBBBBB 

IBh«  BBfc£  IBBIflBBBB»3 
■■^^■Hig?lB^7BBBBBBBkZ7BBBBflflB 
IBflBflBflflflBB2'flBBiSPBBliZPaBBHBB»5SPH 
SBBBfliBBBBBBgBBBBte^BBBkg^aBBBBBBflBh 
■■■■BBBBBflBflBBBflB^BflBBBZBBBBk^PBflflBEflfl 
■■■■■■■■■■■■■■■■■■■BgBBBBBfcgaBBBBlBgPBBBB 
■BIIIIBBBIBBflBIIBIIBKllllflBKSBIIfllfeS9ll 
IBBflflflBflflBBBBBBflflBBBBB^BBBBBB^BBflBflBfla^ 

immmmmmmmmmmmMummmmMmm ■RaBBBBBBBBBBBMM 

iB^BBBBBiite^BBi 

a* 

■aw 

I  i!  bbbbb!  bbb!  !b^1 

^^^^■^^^H^^H^HBBBBBBBBBBB?BBflBflBB| 

|  J2SS  !bSbbb!"SSS| 

Eig 


0  10  20  30  40  50  60  70  80 

D/t 

FIGURE  2.8.3.2(f).  Torsional  modulus  of  rupture  -  alloy  steels 

heat  treated  to  F  =  1241  MPa. 
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FIGURE  2.8.3.2(p,).  Torsional  modulus  of  rupture  -  alloy  steels 

heat  treated  to  F  =  1379  MPa. 
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FIGURE  2.8.3.2(i).  Torsional  modulus  of  rupture  -  alloy  steels 

heat  treated  to  F  =  1655  MPa. 
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FIGURE  2.8,3.2(j).  Torsional  modulus  of  rupture  -  alloy  steels 

heat  treated  to  F  =  1793  MPa. 
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Chapter  3 
ALUMINUM 


3.1  Genera) 

This  chapler  contains  the  engineering  pioper- 
tics  and  related  characteristics  of  wrought  and 
cast  aluminum  alloys  used  in  aircraft  and  missile 
structural  applications. 

General  comments  on  engineering  properties 
and  the  considerations  relating  to  alloy  selection 
are  presented  in  Section  3.1.  Mechanical  and 
physical-property  data  and  characteristics  perti¬ 
nent  to  specific  alloy  groups  or  individual  alloys 
are  reported  in  Sections  3.2  through  3.19.  Ele¬ 
ment  properties  are  presented  in  Section  3.20. 


3.1.1  ALUMINUM  ALLOY  INDEX.— The 
layout  of  this  chapter  is  in  accordance  with  this 
four-digit  number  system  for  both  wrought  and 
cast  alloys.  (Reference  3.1(b).)  Major  sections 
are  set  up  to  permit  the  introduction  into  the 
Handbook  of  wrought  or  cast  alloys  in  each  major 
alloy  number  series  from  2XXX  to  9XXX,  any 
time  a  particular  alloy  becomes  of  interest.  On 
this  basis,  Table  3.1.1  is  the  aluminum  alloy  index 
that  illustrates  both  the  general  section  layout  as 
well  as  the  details  of  those  specific  aluminum 
alloys  presently  contained  in  this  chapter.  It  is  to 
be  noted  that  the  wrought  alloys  are  in  Sections 
3.2  through  3.9;  whereas  the  cast  alloys  are  in 
Sections  3.12  through  3.19. 


Aluminum  is  a  lightweight,  corrosion -resistant 
structural  material  that  can  be  strengthened 
through  alloymg  and,  dependent  upon  composi¬ 
tion,  further  strengthened  by  heat  treatment 
and/or  cold  woiking  (Reference  3.1(a)).  Among 
its  advantages  for  spefific  applications  arc:  low 
density,  high  strength-to-weight  ratio,  good  cor¬ 
rosion  resistance,  ease  of  fabrication  and  diversity 
of  form. 


3.1.2  MATERIAL  PROPERTIES.— The 
properties  of  the  aluminum  alloys  are  determined 
by  the  alloy  content  and  method  of  fabrication. 
Some  alloys  are  strengthened  principally  by  cold 
work,  while  others  are  strengthened  principally 
by  solution  heat  treatment  and  precipitation 
hardening  (Reference  3.1(a)).  The  temper  desig¬ 
nations,  shown  in  Table  3.1.2.  are  indicative  of 
the  type  of  strengthening  mechanism  employed. 


Wrought  and  cast  aluminum  alloys  are  iden¬ 
tified  by  a  four-digit  number,  the  first  digit  of 
which  generally  identifies  the  major  alloying  ele¬ 
ment  as  in  Table  3.1.  For  casting  alloys,  the 
fourth  digit  is  separated  from  the  first  three  digits 
by  a  decimal  point,  and  indicates  the  form,  i.e., 
casting  or  ingot. 


Among  the  properties  presented  herein,  some, 
such  as  the  room  temperature  tensile,  com¬ 
pressive,  shea,  z.id  bearing  properties,  are  either 
specified  minimum  properties  or  derived 
minimum  properties  related  directly  to  the 
specified  minimum  properties.  They  may  be 
directly  useful  in  design.  Data  on  the  effect  of 
temperature  on  properties  are  presented  so  that 


T  \BLE  3.1 .  Basic  Designation  for  Wrought  and  Cast  Aluminum  Alloys  [ Reference  3.1(b)  / 


Alloy  Number 

Major 

Identifying  Elements 

Alloy  Number 

Major 

Identifying  Elements 

Wrought  Alloys 

Cast  Alloys 

1XXX 

99.00  percent  minimum  aluminum 

1XX.X 

99.00  percent  minimum  aluminum 

2XXX 

Copper 

2XX.X 

Copper 

3XXX 

Manganese 

3XX.X 

Silicon  with  added  copper  and/or  magnesium 

4XXX 

Silicon 

4XX.X 

Silicon 

sxxx 

Magnesium 

5XX.X 

Magnesium 

6XXX 

Magnesium  and  Silicon 

6XX.X 

Unused  series 

7XXX 

Zinc 

7XX.X 

Zinc 

8XXX 

Other  elements 

8XX.X 

Tin 

9XXX 

Unused  series 

9XX.X 

Oiher  elemenis 

3-1 


Table  3.1.1.  Aluminum  Alloy  Index1 


Section 

Alloy  Designation 

Section 

Alloy  Designation 

3.2 

2XXX  wrought  alloys 

3.8 

8XXX  wrought  alloys 

3.2.1 

2014 

3.9 

9XXX  wrought  alloys 

3.2.2 

2017 

3.10 

Unused 

3.2.3 

2024 

3.11 

Unused 

3.2.4 

2025 

3.12 

2XXX  cast  alloys 

3.2  5 

2124 

3.12.1 

201.0 

3.2.6 

2219 

3.12.2 

224.0 

3.2.7 

2618 

3.12.3 

295.0  (195) 

3.3 

3XXX  wrought  alloys 

3.13 

3XXX  cast  alloys 

3  4 

4XXX  wrought  alloys 

3.13.1 

354.0 

3.5 

5XXX  wrought  alloys 

3.13.2 

355.0 

3.5.1 

5052 

3.13.3 

C355.0 

3.5.2 

5083 

3.13.4 

356.0 

3.5.3 

5086 

3.13.5 

A356.0 

3.5.4 

5454 

2.13.6 

A357.0 

3.5.5 

5456 

3.13.7 

359.0 

3.6 

6XXX  wrought  alloys 

3.14 

4XXX  cast  alloys 

3.6.1 

6061 

3.15 

5XXX  cast  alloys 

3.6.2 

6151 

3.15.1 

520.0  (220) 

3.7 

7XXX  wrought  alloys 

3.15.2 

535.0  (Al-Mg  25) 

3.7.1 

7049 

3.16 

6XXX  cast  alloys 

3.7.2 

7050 

3.7.3 

7075 

3.17 

7XXX  cast  alloys 

3.7.4 

7079 

3.17.1 

D712.0  (40-E) 

3.7.5 

7175 

3.18 

8XXX  cast  alloys 

3.7.6 

7178 

3.19 

9XXX  cast  alioys 

lumbers  in  parenthesis  alter  certain  cast  alloy  identification  numbers  are  the  old  designations. 


percentages  may  be  applied  directly  to  the  room 
temperature  minimum  properties.  Other  proper¬ 
ties,  such  as  th:  stress  strain  curves,  fatigue  and 
fracture  toughness  data,  arc  average  or  typical 
values  which  should  be  considered  in  assessing 
the  usefulness  of  the  material  for  certain  applica¬ 
tions.  Comments  oi  the  effect  of  temperature  on 
properties  are  given  in  Sections  3. 1.2. 1.7  and 
3.1 .2.1 .8;  comments  on  the  corrosion  resistance 
are  given  in  Section  3. 1.2. 3;  and  comments 
on  the  effects  of  manufacturing  practices  on 
these  properties  are  given  in  Section  3.1.3. 
tions  of  stress  and  environment  have  been  in¬ 
vestigated,  and  that  it  may  be  necessary  to  evalu¬ 
ate  an  alloy  under  the  specific  conditions  in¬ 
volved  for  certain  critical  applications. 

3. 1.2.1  Mechanical  Properties 

3. 1 .2. 1 . 1  Strength  ( Tension,  Compression.  Shear, 
Bearing).  —The  design  strength  properties  at  room 
temperature  arc  listed  at  the  beginning  of  the  sec¬ 
tion  covering  the  properties  of  an  alloy.  The  effect 
of  temperature  on  these  properties  is  indicated  in 
figures  which  follow  the  tables. 


The  A  and  B  values  for  tensile  properties  for 
the  direction  associated  with  the  specification  re¬ 
quirements  are  based  upon  a  statistical  analysis  of 
production  quality  control  data  obtained  from 
specimens  tested  in  accordance  with  procurement 
specification  requirements.  For  sheet  and  plate  of 
heat-treatable  alloys,  the  specified  minimum 
values  are  for  the  long-transverse  (LT)  direction, 
while  for  sheet  and  plate  of  non-heat  treatable 
alloys  and  for  rolled,  drawn  or  extruded  prod¬ 
ucts,  the  specified  minimum  values  are  for  the 
longitudinal  (L)  direction.  For  forgings,  the 
specified  minimum  values  are  stated  for  at  least 
two  directions.  The  design  tensile  properties  in 
other  directions  and  the  compression,  shear  and 
bearing  properties  arc  “derived”  properties, 
based  upon  the  relationships  among  the  proper¬ 
ties  developed  by  tests  of  at  least  ten  lots  of 
material  and  applied  to  the  appropriate 
established  A,  B,  or  S  properties.  AH  of  these 
properties  are  representative  of  the  regions  from 
which  production  quality  control  specimens  are 
taken,  but  may  no'  be  representative  of  the  entire 
cross  section  of  products  appreciably  thicker  than 
the  test  specimen  or  products  of  complex  cross 
sections. 


TAIiLt  3.1.2.  Busu  Temper  Designations  anti  Subdivisions  fur  Aluminum  Alloys  in  MIL-UDBK-SC 


Basic  Temper  Designations 

F  as  fabricated.  Applies  to  the  products  of 
shaping  processes  in  which  no  special  con¬ 
trol  over  thermal  conditions  or  strain¬ 
hardening  is  employed.  For  wrought 
products,  there  arc  no  mechanical  proper¬ 
ty  limits. 

O  annealed  (wrought  products  only).  Ap¬ 

plies  to  wrought  products  which  are  fully 
annealed  to  obtain  the  lowest  strength  con¬ 
dition. 

H  strain-hardened  (wrought  products 

only).  Applies  to  products  which  have 
their  strength  increased  by  strain-harden¬ 
ing,  with  or  without  supplementary  ther¬ 
mal  treatments  to  produce  some  reduction 
in  strength.  The  H  is  always  followed  by 
two  or  more  digits. 

W  solution  heat-treated.  An  unstable 

temper  applicable  only  to  alloys  which 
spontaneously  age  at  room  temperature 
after  solution  heat-treatment.  This  desig¬ 
nation  is  specific  only  when  the  period  of 
natural  aging  is  indicated:  for  example,  W 
1/2  hr. 

T  thermally  treated  to  produce  stable 

tempers  other  than  F,  O,  or  H.  Applies  to 
products  which  are  thermally  treated,  with 
or  without  supplementary  strain-harden¬ 
ing,  to  produce  stable  tempers.  The  T  is  al¬ 
ways  followed  by  one  or  more  digits. 

Subdivisions  of  H  Temper:  Strain-hardened 

The  first  digit  following  the  H  indicates  the 

specific  combination  of  basic  operations,  as 

follows: 

HI  strain-hardened  only.  Applies  to  prod¬ 

ucts  which  arc  strain-hardened  to  obtain 
the  desired  strength  without  supplemen¬ 
tary  thermal  treatment.  The  number 
following  this  designation  indicates  the 
degree  of  strain-hardening. 


H2  strain-hardened  and  partially  an¬ 
nealed.  Applies  to  products  which  arc 
strain-hardened  more  than  the  desired 
final  amount  and  then  reduced  in  strength 
to  the  desired  level  by  partial  annealing. 
For  alloys  that  age-soften  at  room  tem¬ 
perature,  the  H2  tempers  have  the  same 
minimum  ultimate  tensile  strength  as  the 
corresponding  H3  tempers.  For  other 
alloys,  the  H2  tempers  have  the  same 
minimum  ultimate  tensile  strength  as  the 
corresponding  HI  tempers  and  slightly 
higher  elongation.  The  number  following 
this  designation  indicates  the  degree  of 
strain-hardening  remaining  after  the  prod¬ 
uct  has  been  partially  annealed. 

H3  strain-hardened  and  stabilized.  Applies 
to  products  which  are  strain-hardened  and 
whose  mechanical  properties  are  stabilized 
by  a  low  temperature  thermal  treatment 
which  results  in  slightly  lowered  tensile 
strength  and  improved  ductility.  This 
designation  is  applicable  only  to  those 
alloys  which,  unless  stabilized,  gradually 
age-soften  at  room  temperature.  The  num¬ 
ber  following  this  designation  indicates  the 
degree  of  strain-hardening  before  the 
stabilization  treatment. 

The  digit  following  the  designations  Hi,  H2, 
and  H3  indicates  the  degree  of  strain-hardening. 
Numeral  8  has  been  assigned  to  indicate  tempers 
having  an  ultimate  tensile  strength  equivalent  to 
that  achieved  by  a  cold  reduction  (temperature 
during  reduction  not  to  exceed  322  K)  of  approx¬ 
imately  75  percent  following  a  full  anneal.  Tem¬ 
pers  between  0  (annealed)  and  8  are  designated 
by  numerals  1  through  7.  Material  having  an  ulti¬ 
mate  tensile  strength  about  midway  between  that 
of  the  0  temper  and  that  of  the  8  temper  is  desig¬ 
nated  by  the  numeral  4;  about  midway  between 
the  0  and  4  tempers  by  the  numeral  2;  and  about 
midway  between  the  4  and  8  tempers  by  the 


'Numerals  I  through  9  may  be  arbitrarily  assignee'  as  ihc  third  digit  and  registered  with  The  Aluminum  Assc  ation  for  an  alloy 
and  product  to  indicate  a  variation  of  a  two-digit  H  temper  provided  (I )  the  temper  is  used  or  is  available  for  use  by  more  than 
one  user.  (2)  mechanical  property  limits. arc  registered.  (3 )  the  characteristics  of  the  temper  arc  significantly  different  from 
those  of  all  other  tempers  which  have  the  same  sequence  of  basic  treatments  and  for  which  designations  already  have  been 
assigned  for  the  same  alloy  and  product,  and  (4)  the  following  arc  al>o  registered  if  cha.actcristics  other  than  mechanical 
properties  arc  considered  significant,  (a)  test  methods  and  limits  for  the  characteristics,  or  (b)  ihc  specific  practices  used  to 
produce  the  temper  Zero  has  been  assigned  to  indicate  variations  negotiated  between  the  manufacturer  and  purchaser  which 
are  not  used  widely  enough  to  justify  registration. 
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numeral  6.  Numeral  9  designates  tempers  whose 
minimum  ultimate  tensile  strength  exceeds  that  of 
the  8  temper  by  14  MPa  or  more.  For  two-digit  H 
tempers  whose  second  digit  is  odd,  the  standard 
limits  for  ultimate  tensile  strength  are  exactly 
midway  between  those  of  the  adjacent  two  digit  H 
tempers  whose  second  digits  are  even. 

NOTE:  For  alloys  which  cannot  be  cold  reduced 
an  amount  sufficient  to  establish  an  ultimate  ten¬ 
sile  strength  applicable  to  the  8  temper  (75  per¬ 
cent  cold  reduction  after  full  anneal),  the  6 
temper  tensile  strength  may  be  established  by  a 
cold  reduction  of  approximately  55  percent 
following  a  full  anneal,  or  the  4  temper  tensile 
strength  may  be  established  by  a  cold  reduction  of 
approximately  35  percent  after  a  full  anneal. 

The  third  digit3,  when  used,  indicates  a  varia¬ 
tion  of  a  two-digit  temper.  It  is  used  when  the 
degree  of  control  of  temper  or  the  mechanical 
properties  are  different  from  but  close  to  those  for 
the  two-digit  H  temper  designation  to  which  it  is 
added,  or  when  some  other  characteristic  is  sig¬ 
nificantly  affected. 

NOTE:  The  minimum  ultimate  tensile  strength  of 
a  three-digit  H  temper  is  at  least  as  close  to  that  of 
the  corresponding  two-digit  H  temper  as  it  is  to 
the  adjacent  two-digit  H  tempers. 

Three-digit  H  Tempers 

The  following  three-digit  H  temper  designa¬ 
tions  have  been  assigned  for  wrought  products  in 
all  alloys: 

Hill  Applies  to  products  which  arc  Strain- 
hardened  less  than  the  amount  required 
for  a  controlled  Hi  1  temper. 

HI  12  Applies  to  products  which  acquire  some 
temper  from  shaping  processes  not  having 
special  control  over  the  amount  of  strain¬ 
hardening  or  thermal  treatment,  but  for 
which  there  arc  mechanical  property 
limits. 


The  following  three-digit  H  temper  designa¬ 
tions  have  been  assigned  for  wrought  products  in 
alloys  containing  over  a  nominal  4  percent  mag¬ 
nesium. 

H311  Applies  to  products  which  are  strain- 
hardened  less  than  the  amount  required 
for  a  controlled  H31  temper. 

H321  Applies  to  products  which  are  strain- 
hardened  less  than  the  amount  required 
for  a  controlled  H32  temper. 

H323  Applies  to  products  which  are  specially 
H343  fabricated  to  have  acceptable  resistance  to 
stress  corrosion  c-ackir.g. 

Subdivisions  of  T  Temper:  Thermally 
Treated 

Numerals  1  through  lOfollowing the T indicate 
specific  sequences  of  basic  treatments,  as 
follows*5: 

T1  cooled  from  an  elevated  temperature 
shaping  process  and  naturally  aged  to  a 
substantially  stable  condition.  Applies 
to  products  for  which  the  rate  of  cooling 
from  an  elevated  temperature  shaping  pro¬ 
cess,  such  as  casting  or  extrusion,  is  such 
that  their  strength  is  increased  by  room 
temperature  aging. 

T2  annealed  (cast  products  only).  Applies 
to  cast  products  which  are  annealed  to  im¬ 
prove  ductility  and  dimensional  stability. 
T3  solution  heat-treated  and  then  cold 

worked.  Applies  to  products  which  are 
cold  worked  to  improve  strength,  or  in 
which  the  effect  of  cold  work  in  flattening 
or  straightening  is  recognized  in  mechani¬ 
cal  property  limits. 

T4  solution  heat-treated  and  naturally 

aged  to  a  substantially  stable  condition. 
Applies  to  products  which  are  not  cold 
worked  after  solution  heat-treatment,  or  in 
which  the  effect  of  cold  work  in  flattening 


bA  period  of  natural  aging  at  room  icmpcralutc  may  occur  between  or  after  the  operations  listed  for  tempers  T3  through  T10. 
Control  of  this  period  is  exercised  when  it  is  metallurgically  important. 

'Additional  digits  may  he  arbitrarily  assigned  and  registered  with  the  Aluminum  Association  for  an  alloy  and  product  to  indi¬ 
cate  a  variation  of  tempers  Tl  through  T10  provided  tl)  the  temper  is  used  or  is  available  for  use  by  more  than  one  user.  (2) 
mechanical  property  limits  arc  registered.  (3)lbc  characteristics  of  the  temper  arc  significantlydiffercnt  from  those  of  all  other 
tempers  which  have  the  same  sequence  of  basic  treatments  and  for  which  designations  already  have  been  assigned  for  the  same 
alloy  and  produc,.  and  (J)  the  following  are  also  registered  if  characteristics  other  than  mechanical  properties  are  considered 
significant  (a)  test  methods  and  limits  for  the  characteristics,  or  (h)  the  specific  practices  used  •«  produce  the  temper.  Varia¬ 
tions  in  treatment  which  do  not  alter  the  characteristics  of  the  product  arc  considered  alternate  treatments  for  which  additional 
digits  are  nut  assigned 
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or  straightening  may  not  be  recognized  in 
mechanical  property  limits. 

T5  cooled  from  an  elevated  temperature 
shaping  process  and  then  artificially 
aged.  Applies  to  products  which  are 
cooled  from  an  elevated  temperature  shap¬ 
ing  process,  such  as  casting  or  extrusion, 
and  then  artificially  aged  to  improve 
mechanical  properties  or  dimensional 
stability  or  both. 

T6  solution  heat-treated  and  then  ar¬ 
tificially  aged.  Applies  to  products  which 
are  cold  worked  after  solution  heat-treat¬ 
ment,  or  in  which  the  effect  of  cold  work  in 
flattening  or  straightening  may  not  be 
recognized  in  mechanical  property  limits. 
T7  solution  heat-trep.tcu  and  then 
stabilized.  Applies  to  products  which  a--e 
stabilized  to  carry  them  beyond  the  point 
of  maximum  strength  to  provide  control  of 
some  special  characteristics. 

T8  solution  heat-treated,  cold  worked,  and 
then  artificially  aged.  Applies  to  pro¬ 
ducts  which  are  cold  worked  to  improve 
strength,  or  in  which  the  effect  of  cold 
work  in  flattening  or  straightening  is 
recognized  in  mechanical  property  limits. 
T9  solution  heat-treated,  artificially  aged, 
and  then  cold  worked.  Applies  to  prod¬ 
ucts  which  are  cold  worked  to  improve 
strength. 

T10  cooled  from  an  elevated  temperature 
shaping  process,  artificially  aged  and 
then  cold  worked  Applies  to  products 
which  are  artificially  aged  after  cooling 
from  an  elevated  temperature  shaping  pro¬ 
cess,  such  as  casting  or  extrusion,  and  then 
cold  worked  to  further  improve  strength. 

Additional  digits',  the  first  of  which  shall  not 
be  zero,  may  be  added  to  designations  T!  through 
T10  to  indicate  a  variation  in  treatment  which 
significantly  aiters  the  charact  ..-i'l^s  of  the  prod¬ 
uct. 

The  following  specific  additional  digits  have 
been  assigned  for  stress-relieved  tempers  of 
wrought  products: 


TXS1  stress  relieved  by  stretching.  Applies  to 
the  following  products  when  stretched  the 
indicated  amounts  after  solution  heat- 
treatment  or  cooling  from  an  elevated 
temperature  shaping  process. 

Plate .  1-1/2  to  3%  permanent  set 

Rod,  bar,  shapes, 

extruded  tube  .  .  1  to  3%  permanent  set 
Drawn  tube  ...  1/2  to  3%  permanent  set 
Applies  directly  to  plate  and  rolled  or 
cold-finished  rod  and  bar.  These  products 
receive  no  further  straightening  after 
stretching. 

Applies  to  extruded  rod,  bar,  shapes  and 
tube  and  to  drawn  tube  when  designated  as 
follows: 

TX510  Products  that  receive  no  further 
straiy'  ?ning  after  stretching. 

TX511  Products  that  may  receive  minor 
straightening  after  stretching  to  comply 
with  standard  tolerances. 

TX52  stress-relieved  by  compressing:  Applies 
to  products  which  are  stress-relieved  by 
compressing  after  solution  heat-treatment, 
or  cooling  from  an  elevated  temperature 
shaping  process  to  produce  a  permanent 
set  of  1  to  5  percent. 

TXf  4  stress-relieved  by  combined  stretching 
and  compressing.  Applies  ,r>  die  forgings 
which  are  stress  relieved  by  restriking  cold 
in  the  finish  die. 

The  following  temper  designations  have  been 
assigned  for  wrought  products  heat-treated  from 
O  or  F  temper  to  demonstrate  response  to  heat- 
treatment. 

T42  Solution  heat-treated  from  the  O  or  F 
temper  to  demonstrate  response  to  heat- 
treatment,  and  naturally  aged  to  a  substan¬ 
tially  stable  condition. 

T62  Solution  heat-treated  from  the  O  or  F 
temper  to  demonstrate  response  to  heat- 
treatment,  and  artificially  aged. 

Temper  designations  T42  and  T62  may  also  be 
applied  to  wrought  products  heat-treated  from 
any  temper  by  the  user  when  such  heat-treatment 
results  in  the  mechanical  properties  applicable  to 
these  tempers. 


Tensile  and  compressive  strengths  arc  gren  for 
the  longitudinal,  long-transverse  and  short- 
transverse  directions  wherever  data  are  available. 
Short -transverse  strengths  may  be  relatively  low, 
and  transverse  properties  should  not  be  assumed 
to  apply  to  the  short -transverse  direction  unless 
so  stated.  In  those  instances  where  the  direction  in 
which  the  material  will  be  used  is  not  known,  the 
lesser  of  the  applicable  longitudinal  or  transverse 
properties  should  be  used. 

Shear  and  bearing  strengths  are  given  without 
reference  to  direction  and  may  be  assumed  to  be 
about  the  same  in  all  directions,  with  the  excep¬ 
tion  that  a  reduction  factor  is  used  for  edgewise 
bearing  loads  in  thick  bare  and  clad  plate  of  2000 
and  7000  series  alloys.  The  results  of  bearing  tests 
on  longitudinal  and  long-transverse  specimens 
taken  edgewise  from  the  products  have  shown 
that  the  edgewise  bearing  strengths  are  substan¬ 
tially  lower  than  those  of  specimens  taken 
parallel  to  the  surface.  The  bearing  specimen 
orientations  in  thick  plate  are  shown  in  Figure 
3. 1.2.1. i. 


FIGURE  3. 1 .2. 1 . 1 .  Bearing  specimen  orientation  in 
thick  plate. 


In  cases  where  the  stress  condition  approxi¬ 
mates  that  of  the  longitudinal  or  long-transverse 
edgewise  orientations,  the  reductions  in  design 
values  shown  in  Table  3. 1.2. 1.1  should  be  made. 

It  should  be  noted  that  in  recent  years,  bearng 
data  t.ave  been  presented  from  tests  made  in  ac¬ 
cordance  with  ASTM  Methods  [Reference 
3.1.2.1(a))  which  call  for  clean  pins  and  speci¬ 
mens  (Reference  3.1.2.1.1(b)).  Designers  may 
wish  to  consider  this  in  applying  these  values  to 
structural  analyses.  Shear  strengths  also  vary  to 
some  extent  with  plane  of  shear  and  direction  of 


TABLE  3. 1 .2. 1 . 1 .  Bearing  Property  Reductions  for 
Thick  Plate  of  2000  and  7000  Series  Alloys 


Bearing  property 

reduction,  perc  nt 

Thickness  (mm) . 

25.4  -152 

. 

15 

ftoi(e/D=2.0) . 

10 

/^(e/D^KS) . 

5 

loading,  but  the  differences  are  not  so  consistent 
[  Reference.3. 1 .2.1.1(c)). 

For  clad  sheet  and  plate  (i.e.,  containing  thin 
surface  layers  of  material  of  a  different  composi¬ 
tion  for  added  corrosion  protection),  the  strength 
values  arc  representative  of  the  composite  (i.e., 
the  cladding  and  the  core).  For  sheet  and  thin 
plate  «  ii,  40  mm),  the  quality-comrol  test  speci¬ 
mens  are  of  the  full  thickness,  so  that  the  guaran¬ 
teed  tensile  properties  and  the  associated  derived 
values  for  these  products  directly  represent  the 
composite.  For  plate  ^.12.70  mm  in  thickness,  the 
quality-control  test  specimens  are  machined  from 
the  core  and  so  the  guaranteed  tensile  properties 
in  specifications  reflect  the  core  material  only, 
not  the  composite.  Therefore,  the  design  tensile 
properties  for  the  thicker  material  are  obtained 
by  adjustment  of  the  specification  tensile  proper¬ 
ties  and  the  other  related  properties  to  represent 
the  composite,  using  the  nominal  total  cladding 
thickness  and  tne  typical  tensile  properties  of  the 
cladding  material. 

3. 1.2. 1.2  Ductility  (Elongation).  —  Elongation 
is  not  used  directly  in  design  but  may  be  of  some 
use  in  comparing  materials  where  large  changes  in 
ductility  with  temperature  or  time  may  be  of  con¬ 
cern.  Elongation  values  have  been  taken  directly 
from  the  applicable  specifications  or  material 
producers’  quality-control  data  and  are  included 
in  the  tables  of  room-temperature  mechanical- 
properties  for  the  individual  alloys.  In  some  cases 
where  the  elongation  is  a  function  of  material 
thickness,  a  supplemental  table  is  provided. 
Short -transverse  elongations  may  be  relatively 
low,  and  long-transverse  values  should  not  be 
assumed  to  apply  to  the  short-transverse  direction 
unless  so  stated. 

3. 1.2. 1.3  Stress-Strain  Relations.  The  stress- 
strain  relations  presented,  which  include  clastic 
and  tangent  moduli,  arc  typical  curves  based  on 
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one  or  more  lots  of  test  data.  Being  typical,  these 
curves  will  not  correspond  to  yield  strength  data 
presented  as  design  allowables  (minimum 
values).  However,  the  stress-strain  relations  are 
no  less  useful,  since  there  are  well-known 
methods  for  using  these  curves  in  design  by  reduc¬ 
ing  them  to  a  minimum  curve  affine  to  the  typical 
curve  or  by  using  Ramberg-Osgood  parameters 
obtained  from  the  typical  curves. 

3. 1.2. 1.4  Creep  and  Stress  Rupture.  —  Creep 
and  stress  rupture  data  arc  presented  graphically 
for  2024  (heat-treated),  2024  (heat-treated,  cold- 
worked,  and  aged),  and  7075  (heat-treated  and 
aged)  aluminum  alloys  in  Figures  3.2.3.1.7(a) 
through  (g),  Figures  3.2.3.5.7(a)  through  (g)  and 
Figures  3.7.3.1.7(a)  through  (h),  respectively. 
The  graphs  show  curves  for  various  creep  criteria 
(0.2  percent,  0.5  percent,  1.0  percent,  etc.)  and 
rupture  plotted  as  stress  (percent  /•  ^at  room  tem¬ 
perature)  versus  time  in  minutes  or  hours.  On 
those  graphs  containing  a  time  scale  in  minutes 
(Figures  3.2.3.1.7(a)  through  (d),  Figures 
3.2.3.5.7(a)  through  (d),  and  Figures  3.7.3.1.7(a) 
through  (d )),  specimens  were  tested  by  applying  a 
dead  load  at  room  temperature,  heating  rapidly 
by  using  a  welding  transformer  to  apply  a  large 
electric  current  to  the  specimen,  and  then  measur¬ 
ing  the  total  deformation,  including  thermal  ex¬ 
pansion.  Details  ol  the  procedure  are  given  in 
Reference  3. 1.2. 1.4. 

All  of  the  creep  data  shown  in  the  above  listed 
Figures  were  obtained  on  clad  sheet.  However,  the 
percentages  are  considered  applicaole  to  non- 
clad  sheet  and  other  wrought  materials  of  2024 
heat-t: cated  and  7075  heat-treated  and  aged 
material. 

The  creep  and  stress-rupture  properties  pre¬ 
sented  were  developed  from  investigations  in 
which  there  were  too  few  data  to  establish  bands 
or  any  degree  of  statistical  significance;  the  values 
should  be  considered  to  be  representative  for  the 
respective  alleys  and  tempers. 

Sustained  stressing  at  elevated  temperature 
sufficient  to  result  in  appreciable  amounts  of 
creep  deformation  (e.g.,  more  than  0.2  percent) 
may  result  in  decreased  strength  and  ductility.  It 
may  be  necessary  to  evaluate  an  alloy  under  its 
stress  temperature  environment  for  critical  ap¬ 
plications  where  sustained  loading  is  anticipated. 


3. 1.2. 1.5  Fatigue. — Modified  Goodman  Dia¬ 
grams  arc  presented  in  Sections  3.2  through  3.9 
for  those  alloys  for  which  sufficient  fatigue  data 
are  available.  Data  for  both  smooth  and  notched 
specimens  are  presented.  The  data  from  which  the 
diagrams  were  developed  were  insufficient  to 
establish  scatter  bands  and  do  not  have  the 
statistical  reliability  of  the  room  temperature 
mechanical  properties;  the  values  should  be  con¬ 
sidered  to  be  representative  for  the  respective 
alloys. 

The  fatigue  strengths  of  aluminum  alloys,  with 
both  notched  and  unnotchcd  specimens,  are  at 
least  as  high  or  higher  at  lower  temperatures 
than  at  room  temperature  (References 
3.1.2.1.5(a)  through  (c)).  At  elevated  tem¬ 
peratures,  the  fatigue  strengths  are  somewhat 
lower  than  at  room  temperature,  the  difference 
increasing  with  increase  in  temperature. 

The  data  presented  do  not  apply  directly  to  the 
design  of  structures  because  they  do  not  take  into 
account  the  effect  of  stress  raisers  such  as 
reentrant  corners,  notches,  holes,  joints,  rough 
surfaces,  and  other  similar  conditions  which  are 
present  in  fabricated  parts.  The  localized  high 
stresses  induced  in  fabricated  parts  by  such  stress 
rai'.ers  are  of  much  greater  importance  for  re¬ 
peated  loading  than  they  are  for  static  loading 
and  may  reduce  the  fatigue  life  of  fabricated  parts 
far  below  that  which  would  be  predicted  by  com¬ 
paring  the  smooth-specimen  fatigue  strength 
directly  with  the  nominal  calculated  stresses  for 
the  parts  in  question.  See  References  3.1.2.1.5(d) 
through  (q)  fGr  information  on  how  to  use  high- 
strength  aluminum  alloys,  Reference  3. 1 .2. 1 .5(r) 
for  details  on  the  static  and  fatigue  strengths  of 
high-strength  aluminum-alloy  bolted  joints, 
Reference  3,1.2.!.5(s)  for  single-rivet  fatigue-test 
data,  and  Reference  1.2.3.1(b)  for  a  general  dis¬ 
cussion  of  designing  for  fatigue. 

3. 1.2. 1.6  Fracture  Toughness. — Typical  values 
of  plane-strain  fracture  toughness.  Kjc  (Reference 
3.1.2.1.6(a))  for  several  high-strength  aluminum 
alloys  are  presented  in  Table  3. 1.2. 1.6  for  infor¬ 
mation  only.  These  are  average  values  for  the 
alloys  and  tempers  for  which  valid  data  are 
available  (References  3.1.2.1.6(b)  and  (c))  and 
are  thus  representative  of  the  various  products, 
but  they  do  not  have  the  statistical  reliability  of 
the  room-temperature  mechanical  properties. 
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These  values  are  for  Information  only. 

In  case  of  Kjc  values  for  S-l.  orientation,  the  minimum  product  thickness  evaluated  was  at  least  25.4  mm 
Minimum  thickness  of  specimen  on  which  these  values  were  obtained. 
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Graphical  displays  of  the  residual  strength  3.1.2.1.6(a)  through  (r).  The  points  denote  the  ex- 

behavior  of  center-cracked  tension  panels  of  perimental  data  front  which  the  curve  of  apparent 

aluminum  alloys  arc  presented  in  Figures  fracture  toughness  was  derived. 
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JURE  3.1.2.1.6(a).  Residual  strength  behavior  of  1.60-mn- thick  2024-1861 

aluminum  alloy  sheet  at  rooo  temperature.  Crack  orienta¬ 
tion  is  T-l.  (Reference  3.1.2.1.6(d).) 


FIGURE  3.1.2..1.6(b).  Rrridual  strength  behavior  of  1 , 60-on- thick  2024-T861 

aluminum  alloy  sheet  at  room  temperature.  Crack  orienta¬ 
tion  is  L-T.  (Reference  3.1.2.1.6(d).) 
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CURE  3.1.2.1.6(g).  Residual  strength  behavior  of  7.S5-mt»-thick  7075-T6 

aluainus  alloy  place  at  roca  temperature.  Crack  orienta¬ 
tion  is  L-T.  (Reference  3.1.2.1.6(g).) 
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alualtua  tUov  sheet  at  toon  teaperature.  Crack  orienta¬ 
tion  is  L-T.  (References  3.1.2.1.6(f)  and  (i).) 
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FIGURE  3.1.2.1.6(10.  Residual  strength  behavior  of  15 .24-na-thiek  7075-T7351 
alusinua  alloy  plate  at  rocn  tenperacure.  Crack  orienta¬ 
tion  is  L-T.  (Reference  3.1.2.1.6(g).) 


FIGURE  3. 1.2. 1.6(1).  Residual  strength  behavior  of  25.4-aa-thick  7075-T7351 

alvalnus  alloy  plate  at  rooa  ccapcrature.  Crack  orienta¬ 
tion  is  L-i.  (Reference  3. 1.2. 1.6(1) .) 
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Initkil  Crock  Length,  2o0,  cm 


F1CURE  ). 1.2.1. 6(q)  .  Rctldual  atrength  behavior  of  1 .60-an- thick  7475-T761 

aluminum  alloy  ihcct  at  room  temperature.  Crack  orienta¬ 
tion  la  L-T .  (Referenoee  3.1.2.1.6M)  U'i  (a).) 


FIGURE  J.  1.2.1, Mr) .  Reildual  etren|th  behavior  of  l.kO-M-think  H75-T7&1 

aliBilnun  alloy  ahaat  at  room  ttoporatur*.  Crack  orienta¬ 
tion  la  T-L.  (Rafare ncee  J.  1.2.1.4(d)  and  (•)., 
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3. 1.2. 1.7  Cryogenic  Temperatures. — In  general, 
the  strength  (including  fatigue  strengths)  of 
aluminum  alloys  increase  with  decrease  .n  tem¬ 
perature  below  room  temperature  (References 
3. 1.2. 1.7(a)  and  (b)].The  increase  is  greatest  over 
the  range  from  about  200  to  20  K  (liquid  hy¬ 
drogen  temperature);  the  strengths  at  4  K  (liq¬ 
uid  helium  temperature)  are  nearly  the  same  as 
at  20  K  (References  3.1.2.1.7(c)  and  (d)j.  For 
most  alloys,  elongation  and  various  indices  of 
toughness  remain  nearly  constant  or  increase  with 
decrease  in  temperature,  while  for  the  7000 
series,  modest  reductions  arc  observed 
(References  3.1.2.1.7(d)  and  (c)j.  None  of  the 
alloys  exhibit  a  marked  transition  in  fracture  re¬ 
sistance  over  a  narrow  range  of  temperature  in¬ 
dicative  of  embrittlement. 

The  tensile  and  shear  moduli  of  aluminum 
alloys  also  increase  with  decreasing  temperature 
so  that  at  200, 78, and  20  K  ,  they  are  approx¬ 
imately  5,  1 2  and  16  percent,  respectively,  above 
the  room  temperature  values  (Reference 
3.1.2.1.7(f)). 


3. 1.2. 1.8  Elevated  Temperatures.  —  In  general, 
the  strengths  of  aluminum  alloys  decrease  and 
toughness  increases  with  increase  in  temperature 
and  with  time  at  temperature  above  room  tem¬ 
perature.  the  effect  is  general!)  greatest  over  the 
temperature  range  from  373  to  478  K .  Exceptions 
to  the  general  trends  arc  tempers  developed  by 
solution  heat  treatment  without  subsequent  aging, 
for  which  »hc  initial  elevated  temperature  ex¬ 
posure  results  in  some  age  hardening  and  reduc¬ 
tion  in  toughness,  further  time  at  temperature 
beyond  that  required  to  achieve  peak  hardness 
results  in  the  aforementioned  decrease  in  strength 
and  increase  in  toughness.  (Reference  3. 1.2. 1.8.) 

3. 1.2. 2  Physical  Properties.  —  Where  available 
from  the  literature,  the  average  values  of  certain 
physical  properties  are  included  in  the  room-tem¬ 
perature  taolcs  for  each  alloy.  These  properties 
include  density,  <«,.  in  mr/hA  the  spccifk  heat,  C, 
in  J/(g»K),  tbc  thermal  conductivity,  K,  in 
W/  (tn*K)  ;  and  the  mean  coefficient  of 
thermal  expans  jn.n.  in  tn/  (tn*K).  Where  more  ex¬ 
tensive  data  arc  available  to  shov  the  effect  of 


temperature  on  these  physical  properties,  graphs 
of  physical  property  as  a  function  of  temperature 
arc  presented  for  the  applicable  alloys. 

3. 1.2. 3  Corrosion  Resistance 

3. 1.2. 3.1  Resistance  tc  Stress- Corrosion  Crack¬ 
ing  (See  References  3.1.2.3.1(a)  through  (d)]. 
The  high-strength  heat  treatable  wrought 
aluminum  alloys  in  certain  tempers  are  suscepti¬ 
ble  to  stress  corrosion  cracking,  depending  upon 
product,  section  size,  direction  and  magnitude  of 
stress.  These  alloys  include  2014.  70",5,  7079, 
and  7178  in  thcT6-type  tempers  and  2014,  2024, 
and  2219  in  the  T3  and  T4-type  tempers.  Other 
alloy-ter.ipcr  combinations,  notably  2024  and 
2219  in  the  T6  or  T8-typc  tempers  and  7049, 
7075  and  7175  in  the  T73-typc  tempers  arc 
decidedly  more  resistant  and  sustained  tensile 
stresses  of  50  to  75  percent  of  the  minimum  yield 
strength  may  be  permitted  without  concern  about 
stress  corrosion  cracking.  The  T/6  temper  of 
7075  and  7178  provides  an  intermediate  degree 
of  resistance  to  stress  corrosion  cracking,  i.c., 
superior  to  that  of  the  T6  temper,  but  not  as  good 
as  that  of  the  T73  temper  of  7075.  A  measure  of 
the  degree  of  susceptibility  of  various  products  of 
these  alloys  and  tempers  is  given  in  Table 
3.1. 2.3.1.  ’ 

Where  short  times  at  elevated  temperatures  of 
150  to  500  F  may  be  encountered,  the  precipita¬ 
tion  heat-treated  tempers  of  2024  and  22 1 9  ailoys 
are  recommended  over  the  naturally  aged  tem¬ 
pers. 

Alloys  5083,  5086  5456  should  not  be  used 
under  high  constant  applied  stress  for  continuous 
service  at  temperatures  cxcccding339  K.  because 
of  the  hazard  of  dev  eloping  suscept  ibility  to  stress 
corrosion  cracking.  In  general,  the  H34  through 
H38  tempers  of  5086,  and  the  H32  through  H38 
tempers  of  5083  and  5456  are  not  recommended, 
because  these  tempers  can  become  susceptible  to 
stress  corrosion  cracking. 

In  the  recommended  tempers,  H 113  and  H321 
for  sheet  and  plate,  cold  forming  of  50S3  and 
5456  should  be  held  to  a  minimum  radius  of  5T. 
Hot  forming  of  the  0  temper  of  alloys  5083  and 
5456  is  recommended,  and  is  preferred  for  the 
HI  13  and  H321  tempers  in  order  to  avoid  ex¬ 
cessive  cold  work  and  high  residual  stress.  If  the 


TABLE  3. 1.2. 3.1.  Comparison  of  the  Resistance  to  Stress  Corrosion  of  Various 
Aluminum  Alloys  and  Products 


Alloy  and 
Temper 

Test 

Direction 

Estimate  of  Highest  Sustained 
at  Which  Test  Specimens  of 
the  Grain  Structure  Would  Not 
Alternate  Immersion  Test  in  84 

Tension  Stress  (MPa)e 
ferent  Orientation  to 
Fail  in  the  3’j%  NaCl 
Days^ 

Rolled  Rod 
Plate  and  Bar 

Extruded  Shapes 
Section  Thickness,  mm 
0.35-25.4  >25.4-50.8 

Hand 

Forgings 

2014-T6 

L 

310 

310 

345 

310 

207 

LT 

207 

186 

152„ 

172 

ST 

55a 

10  3b 

•• 

55a 

55a 

2219-T8 

L 

276c 

241c 

24  lc 

262° 

LT 

26  2C 

,  , 

241° 

24  lc 

26  2C 

ST 

262c 

•• 

•• 

24  lc 

262° 

2024-T3.T4 

L 

241 

207 

345C 

34  5C 

LT 

138 

255- 

124 

,  , 

ST 

55a 

69b 

•• 

55a 

•• 

2024-T8 

L 

345c 

324c 

414c 

414C 

296° 

LT 

34  5C 

345 

345 

296 

ST 

207 

296b 

•• 

310C 

103 

7075-T6 

L 

345 

345 

414 

414 

241 

LT 

310 

345 

221 

172 

ST 

S5a 

103b 

•• 

55a 

55a 

7075-T76 

L 

338C 

359c 

LT 

338c 

.  , 

338c 

,  , 

,  , 

ST 

172 

•• 

172 

•• 

•• 

7075=T73 

L 

345° 

345 

372 

365c 

345c 

LT 

331c  d 

331  A 

331 

331^  a 

331a 

ST 

296c,d 

296° ,d 

317  c 

317c,d 

296c,d 

7079-T6 

L 

376c 

414 

414c 

345c 

LT 

276 

345 

241 

207 

ST 

55a 

•• 

55a 

55a 

7178-T6 

L 

376 

448 

448 

LT 

272 

310 

172 

,  , 

ST 

55a 

*• 

55a 

•• 

7178-T76 

L 

359° 

379C 

LT 

359° 

359° 

,  , 

ST 

172 

172 

•• 

•• 

aLowest  stress  at  which  tests  were  conducted;  failures  were  obtained. 

“Ratings  are  for  transverse  specimens  machined  from  round  or  square  bar  stock. 


c 

Highest  stress  at  which  tests  were  conducted;  on  failure  observed. 

dThese  values  will  be  lowc  for  sections  greater  than  76  mm  thick,  but  will 
be  at  least  73%  of  the  guaranteed  yield  strength. 

eSee  Section  9.5.2  for  test  method  used  to  determine  values. 

^Tests  performed  at  Alcoa  Research  Laboratories. 
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HI  13,  H32I,  H323,  and  H343  tempers  are 
heated  for  hot  forming,  a  slight  decrease  in 
mechanical  properties,  particularly  yield 
strength,  may  result, 

3. 1.2. 3. 2  Resistance  to  Exfoliation  (Reference 
3. 1.2. 3. 2). — The  high-strength  wrought 
aluminum  alloys  in  certain  tempers  arc  suscepti¬ 
ble  to  exfoliation  corrosion,  dependent  upon 
product  and  section  size.  Generally  those  alloys 
and  tempers  that  have  the  lowest  resistance  to 
stress-corrosion  cracking  also  have  the  lowest  re¬ 
sistance  to  exfoliation  The  tempers  that  provide 
improved  resistance  to  stress-corrosion  cracking 
also  provide  improved  resistance  or  immunity  to 
exfoliation.  For  example,  the  T76  temper  of  7075 
and  7178  provides  a  very  high  resistance  to  ex¬ 
foliation,  i  e.,  decidedly  superior  to  that  of  the  T6 
temper,  and  almost  the  immunity  provided  by  the 
T73  temper  of  7075  alloy. 

3,1.3  MANUFACTURING  CONSIDERA¬ 
TIONS 

3. 1.3.1  Avoiding  Stress-Corrosion  Cracking.  — 
In  order  to  avoid  stress-corrosion  cracking  (see 
Section  3. 1 .2.3),  practices,  such  as  the  use  of  press 
or  shrink  fits;  taper  pins;  clevis  joints  in  which 
tightening  of  the  bolt  imposes  a  bending  load  on 
female  lugs,  and  straightening  or  assembly  opera¬ 
tions.  which  result  in  sustained  surface  tensile 
stresses,  should  be  avoided  in  these  high  strength 
alloys:  2014-T45I,  T4,  T6,  T651,  T652;  2024- 
T3,  T351,  T4;  7075-T6.  T651,  T652;  7079-T6, 
T65I.T652;  7178-T6.  TftJl. 

Where  straightening  or  forming  is  necessary,  it 
should  be  pei formed  when  the  material  is  in  the 
freshly  quenched  condition,  or  at  an  elevated 
temperature  to  minimize  the  residual  stresses  in¬ 
duced.  Where  elevated  temperature  forming  is 
performed  on  2014-T4,  T451 ,  or  2024-T3,  T351, 
a  subsequent  precipitation  heat  treatment  to  pro¬ 
duce  the  T6  or  T65I,  T81  or  T851  temper  is 
recommended. 

Specific  guidance  on  safe  stress  levels  from  the 
stress  corrosion  siandpoim  are  provided  in  Sec¬ 
tion  3  12.3.1.  These  stresses  represent  the 
algebraic  sum  of  all  the  continuous  tension  and 
compression  surface  stresses  resulting  from  any 
source  such  as  quenching,  forming,  assembly,  and 


in  some  cases,  design.  In  most  cases  the  design 
stresses  (developed  by  functional  loads)  are  not 
continuous  and  hence  would  not  be  involved  in 
the  summation  of  stresses. 

3. 1.3. 2  Cold-Formed  Heat-Treatable  Aluminum 
Alloys.  —  Cold  working,  such  as  stretch  forming 
of  aluminum  alloys  prior  to  solution  heat  treat¬ 
ment  may  result  in  recrystallization  or  grain 
growth  during  heat  treatment.  The  resulting 
strengths,  particularly  yield  strengths,  may  be  sig¬ 
nificantly  below  the  specified  minimum  values. 
For  critical  applications,  the  strengths  should  be 
determined  on  the  parts  after  forming  and  heat 
treating,  including  straightening  operations.  To 
minimize  recrystallization  during  heat  treatment 
it  is  recommended  that  forming  be  done  after 
solution  heat  treatment  in  the  as-quenched  condi¬ 
tion,  whenever  possible,  but  this  may  result  in 
compressive  yield  strengths  in  the  direction  of 
stretching  being  lower  than  MIL-HDBK-5  design 
allowables  for  user  heat  treat  tempers. 

3. 1.3. 3.  Dimensional  Changes.  —  The  dimen¬ 
sional  changes  that  occur  in  aluminum  alloys  dur¬ 
ing  thermal  treatments  generally  are  negligible, 
but  in  a  few  instances  these  changes  may  have  to 
be  considerecd  in  manufacturing.  Because  of 
many  variables  involved,  there  are  no  tabulated 
values  for  these  dimensional  changes.  In  the  ar¬ 
tificial  aging  of  alloy  2219  from  the  T42,  T351, 
and  T37  tempers  to  the  T62,  T85 1 ,  and  T87  tem¬ 
pers,  respectively,  a  net  dimensional  growth  of 
0.0010  to  0.0015  m/m  .  may  be  anticipated.  Ad¬ 
ditional  growth  of  as  much  as  0.001 0  m/m  .  may 
occur  during  subsequent  service  of  a  year  or  more 
at  422  Kor  equivalent  shorter  exposures  at  higher 
temperatures.  The  dimensional  changes  that  oc 
cur  during  the  artificial  aging  of  other  wrought 
heat-treatable  alloys  are  less  than  one-half  that 
for  alloy  2219  under  the  same  conditions. 

3. 1.3.4  Welding.  —  The  case  with  which 
aluminum  alloys  may  be  welded  is  dependent 
principally  upon  composition,  but  the  east  is  also 
strongly  influenced  by  the  temper  of  the  alloy,  the 
welding  process,  and  the  filler  metal  used.  Also, 
the  weldability  of  wrought  and  cast  alloys  is 
generally  co/isidercd  separately. 


Several  weldability  rating  systems  have  been  strate  weld  performance.  A  "C”  level  refers  to 

established  and  may  be  found  in  publications  by  limited  weldability  because  crack  sensitivity,  loss 

the  Aluminum  Association,  American  Welding  of  corrosion  resistance,  and/or  loss  of  mechanical 

Society,  and  the  American  Society  for  Metals.  properties  may  occur.  A  "D"  level  indicates  that 

Handbooks  from  these  groups  can  be  consulted  the  alloy  is  not  commercially  weldable, 

for  more  detailed  information.  Specification  QQ-  The  weldability  of  aluminum  alloys  is  rated  by 

R-566  also  contains  much  useful  information.  alloy,  temper,  and  welding  process  (arc  or  re- 

MIL-HDBK-5  follows  most  of  these  references  in  sistancc).  Tables  3. 1.3.4  (a)  and  (b)  list  the  ratings 

adopting  a  four  level  rating  system.  An  “A"  level,  in  tnc  alloy  section  number  order  in  which  they 

or  readily  weldable,  means  that  the  alloy  (and  appear  in  Chapter  3  or  MIL-HDBK-5C. 

temper)  is  routinely  welded  by  the  indicated  pro-  When  heat-treated  or  work-hardened  materials 

cess  using  commercial  procedures.  A  “B"  level  of  most  systems  are  welded,  a  loss  of  mechanical 

means  that  welding  is  accomplished  for  many  ap-  properties  generally  occurs.  The  extent  of  the  loss 

plications,  but  special  techniques  are  required,  (if  not  reheat  treated)  over  the  table  strength 

and  the  application  may  require  preliminary  allowables  will  have  to  be  established  for  each 

trials  to  develop  procedures  and  tests  to  demon-  specific  situation. 


Table  3. 1 .3.4(a).  Fabrication  Weldability  of  Wrought  Aluminum  Altovs 


TABLE  3. 1 .3.4(b).  Fabrication  IVeldability  3  of  Cast  Aluminum  Alloys 


M1L-HDBK-5 

Section  No. 

Alloy 

Weldability1* c 
Inert  Gas  Metal 
or  Tungsten  Arc 

Resistance 

Spot 

3.12.1 

201.0 

C 

C 

3.12.2 

224.0 

B 

A 

3.12.3 

295.0 

C 

C 

3.13.1 

354.0 

B 

B 

3.13.2 

355.0 

B 

B 

3.13.2 

C355.0 

B 

B 

3.13.4 

356.0 

A 

A 

3.13.5 

A356.0 

A 

A 

3.13.6 

A357.0 

A 

B 

3.13.7 

359.0 

A 

B 

3.15.1 

520.0 

C-D 

C 

3..15.2 

535.0 

C-D 

A 

3.17.1 

D712.0 

C-D 

C 

eldabtlity  related  to  joining  a  casting  to  another  cast  part  of  same  composition.  The  weldability  ratings  are  not  applicable  to 
minor  weld  repairs.  Such  repairs  shall  be  governed  by  the  contractors  procedure  for  in-process  welding  of  castings,  after  ap 
proval  by  the  procuring  activity. 

bRatings  A  through  D  are  relative  ratings  defined  as  follows: 

A-Readily  weldable  by  commercial  procedures  and  methods. 

B-Wcldable  with  special  techniques  or  for  specific  applications  which  may  require  preliminary  trials  or  testing  to  develop 
welding  procedure  and  weld  performance. 

C-Limitcd  weldability  because  of  crack  sensitivity  or  loss  in  resistance  to  corrosion  and  mechanical  properties 
D-No  commonly  used  welding  methods  have  been  developed.  This  method  is  not  recommended. 
c\Vhen  using  filler  wire,  the  wire  should  contain  less  than  0.0008  percent  beryllium  to  avoid  toxic  fumes. 
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3.2  2000  Series  Wrought  Alloys 

Alloys  of  the  2000  series  contain  copper  as 
the  principal  alloying  element  and  are 
strengthened  by  solution  heat -treatment  and 
aging.  As  a  group,  these  alloys  are  noteworthy 
for  their  excellent  strengths  at  elevated  and 
cryogenic  temperatures,  and  creep  resistance 
at  elevated  temperatures. 

3.2.1  2014  ALLOY 

3.2. 1.0  Comments  and  Properties. — 2014  is  an 
Al-Cu  alloy  available  in  a  wide  variety  of  prod¬ 
uct  forms.  Refer  to  Section  3. 1. 2.3  for  comments 
regarding  the  resistance  of  the  r.iloy  to  stress-cor¬ 
rosion  cracking,  and  to  Section  3. 1.3.4  for  com¬ 
ments  regarding  the  weldability  of  the  alloy. 

Some  material  specifications  for  2014 
aluminum  alloy  are  presented  in  Table 
3.2.1.0(a).  Room  temperature  mechanical  and 
physical  properties  arc  shown  in  Tables 
3.2.1.0(d)  through  (g).  Figure  3. 2. 1.0  shows 
the  effect  of  temperature  on  the  physical  prop¬ 
erties  of  2014  alloy. 

The  temper  index  for  2014  is  as  follows: 

Section  _ Temper _ 

3. 2.1.1  T6,  T62,  T651.T652,  T6510 

and  T651 1 


3.2. 1.1  T6.  T62,  7651.  7652.  76510.  and 
76511  7emper. — Cryogenic,  room,  and  elevated 
temperature  data  for  these  tempers  are  presented 
in  Figures  3.2.1.1.1(a)  through  3. 2. 1.1. 8  as 
follows: 

Figures  3.2.1.1.1(a)  through  3.2.1.1.5(b)  pre¬ 
sent  cffcct-of-temperaturc  curves  for  various 
mechanical  properties. 


Figures  3.2.1.1.6(a)  through  (r)  present  tensile 
and  compressive  stress-strain  curves  3nd  tangent 
modulus  curves  for  various  tempers,  product 
forms,  and  temperatures. 

Figures  3.2.1.1.6(s)  through  (v)  arc  full-range 
tensile  stress-strain  curves  for  various  products 
and  tempers. 

Figure  3.2. 1.1. 8  provides  room-temperature 
fatigue  curve,  for  various  wrought  products  in  the 
T6  temper. 
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T  ahi.E  3.2. 1 .0(a).  Material  Specifications  for  2014 

Aluminum  Alloy  j 

Specification 

Form  I 

AMS  4014 

Bare  sheet  and  plate 

AMS  4028 

Bare  sheet  and  plate 

AMS  4029 

Bare  sheet  and  plate 

QQ-A-250/3 

Clad  sheet  and  plate 

QQ-A-225/4 

Rolled  or  drawn  bars,  rods, 

and  wire 

QQ-A-200/2 

Extruded  bar,  rod  and 

shapes 
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U3LE  3.2.1.0(32) 


DESIGN  HEGHAt.'ICtL  LHC  PHYSICAL  PnOPE'-llEG  Or 
2014  ALOKlNUH  ALLOY  (SHEET) 


SPECIFICATION. 
FORM . 


AMS  AO  2? 


PLATE 


62“ 


THICKNESS.  MM . 

6.35- 
12. 68 

12.  69- 
25. 41 

25.A2- 

5C.8I 

50.62-  |  63.52- 
63.51  176.21 

76.22 

101.60 

OASIS . 

* 

6 

A 

3 

A 

a 

S 

S 

MECHANICAL  properties: 

•  FTU,  MPA : 

L . 

i 

<<69  433 

469 

43  3 

462 

A  69 

4U* 

A3A 

4  “ 

A  07 

LT . 

<*62 

A  76 

4  62 

A  7  6 

A62 

A  69 

AAF. 

A3  A 

3A5 

ST . 

•  *  « 

•  «« 

4  4  4 

•  44 

4  4  4 

4  4  4 

A1 A 

A  0  0 

372 

FTY ,  MPA  : 

. . 

A  1 A 

A27 

A  1 A 

A27 

A  07 

A27 

A  00 

333 

379 

LT . 

A  0  7 

A21 

A  0  7 

A21 

A07 

A27 

ADO 

363 

379 

ST . 

•  •  • 

•  •  • 

•  •  • 

... 

4  4  4 

4  4  4 

372 

3b5 

352 

FCY,  HPA : 

L . 

AIR 

A27 

A 1 A 

A  2  7 

A21 

A  A  1 

A1A 

A  0  7 

393 

LT . 

A21 

ASA 

A21 

A3  A 

A21 

AA1 

A1A 

AO  7 

393 

ST . 

4  4  4 

4  4  4 

•  •  4 

•  4  4 

4  4  4 

... 

A 1  A 

A  0  7 

393 

FSU ,  MPm . 

263 

250 

263 

230 

2o3 

263 

276 

265 

255 

FBRUb, M?-: 

<5/0=1. 5) . 

7.3 

72A 

7  03 

72  A 

696 

703 

676 

6Afc 

607 

(E/3=  2.0) . 

F  69 

917 

669 

917 

576 

869 

555 

627 

772 

FBRYb,  MPA! 

<E/D= 1-5) . 

573 

6C0 

5  79 

600 

572 

600 

553 

552 

531 

(E/0=  2*0) « •••• •••• 

£62 

6  S3 

662 

6s3 

6A6 

663 

6A1 

627 

607 

EL,  PERCENT: 

L . 

7 

•  •  4 

6 

4  4  4 

6 

4  4  4 

A 

A 

3 

LT . 

7 

•  •  • 

6 

4  4  4 

A 

4  4  4 

2 

2 

1 

ST . 

... 

_ 

4  4  4 

_ _ 4  4  4_ _ 

4  4  4 

_ 4  4_4 _ 

1 

1. 

4  4  4 

E ,  GPa. . 
EC,  GPA. 
G,  GPA . . 
HU..,  ... 


73.8 

75.2 

27.6 

0.33 


PHYSICAL  FROPERT I ESI 
OKEGA,  KG/M3 . 

c,  j/(s»k) . 

K,  H/M"K)  t 
ALPHA,  10-6  K/(K*<) 


2.  80 

0.96  (AT  373  K) 

156  (AT  258  K) 
22.5  (293  TO  373  K) 


a  THESE  PROPERTIES  APPLY  WHEN  SAMPlES  OF  MATERIAL  SUPPLIED  IK  THE  0  OR  F 
TEMPER  Ar.E  hE-T  TREATED  TO  DEMONSTRATE  RESPONSE  TO  hEAT-TF.EATMENT  . 
PROPERTIES  OElhlNED  EY  Trie  USER  HOWEVER,  MAY  EE  LOWER  THAN  THOSE  LISTED 
IF  THE  KATE..1..L  HAS  ESEN  FOF-KCD  Or.  OTHERWISE  COLD  OS  HOT  WORKED. 
PARTICULARLY  IK  HE  ANNEALED  TEMPER,  PRIOR  TO  SOLUTION  HEAT -TREATMENT . 
b  SEE  TABLE  3.1.2. 1.1. 
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TABLE  3.2.  1.0  (C2 ) 


DESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 
CLAO  2014  ALUMINUM  ALLOY  (PLATE) 


SPECIFICATION, 

FORM . 

CONDITION. 


QQ-i-250/3 


PLATE 


T62^ 


EC «  GPA. 
G .  GP A • . 
MU . 


PHY5ICAL  PROPERTIES! 

OHEGA 9  HG/H3 . 

C,  J/CG*K) . 

K 9  H/(H*K).. . 

ALPHA,  10-6  H/(M*K). 


75.2 

27.6 

0.33 


THICKNESS.  MM . 

^  6. 34- 

12.69r 

25.42:- 

50.62- 

6.).5  2r 

76.22, 

12.68 

2  5.41b 

5  0.8  lb 

b3.5Ib 

76.  2  lb 

aEHEa 

BASIS . 

l 

A 

, _ 

S 

S 

S 

~ 

MECHANICAL  properties: 

FTU,  MPA  1 

L . 

4  62 

448 

462 

441 

427 

414 

386 

LT . 

441 

455 

441 

455 

441 

427 

414 

366 

ST . 

... 

... 

... 

... 

•  •  • 

414 

400 

372 

FTY ,  MPA : 

L . 

400 

407 

393 

407 

366 

375 

372 

355 

LT . 

393 

386 

EXX^fl 

386 

S79 

372 

359 

ST . 

•  •  • 

•  «  • 

•  •  • 

•  •  • 

•  •  • 

372 

365 

352 

FCY,  mpa: 

L . 

400 

393 

407 

EXT^E 

393 

386 

372 

LT . 

407 

414 

400 

414 

4  00 

353 

366 

372 

ST . 

•  •  • 

•  •• 

•  •  « 

•  •  • 

•  •  • 

414 

407 

393 

FSU,C  MPA . 

265 

276 

269 

276 

269 

262 

255 

241 

FBRU,  MPA: 

(E/D= 1.5) . 

676 

696 

676 

696 

662 

641 

621 

579 

<£/D=2.0) . 

855 

876 

855 

876 

841 

814 

786 

731 

F8RY.  MPA: 

<E/0= 1.5) . 

556 

565 

552 

565 

545 

531 

524 

503 

(E/G=2. 0) . 

641 

655 

627 

655 

621 

607 

593 

572 

EL,  PEkCENTi 

L . 

6 

•  •  • 

6 

•  •  • 

6 

4 

4 

3 

LT . 

8 

•  •  • 

6 

•  •  • 

4 

z 

2 

1 

ST . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

1 

1 

•  •  • 

E,  GPA . 

73 

8 

2.8  0 

0.96  (AT  373  K> 

156  (AT  298  K) 
22.5  (293  to  373  K) 


j  *  4“  . 

THESE  PROPERTIES  APPLY  WHEN  SmHPLES  OF  MATERIAL  SUPPLIED  IN  THE  0  OR  F 
TEMFEk  ARE  HE^T  TREATED  TO  DEMONSTRATE  '-RESPONSE  TO  HEAT-TkEATHENT . 

properties  Obtained  ey  the  user  hcwfwpp,  may  ee  loher  than  those  listed 
IF  The  MATERIAL  has  BEEN  FORMED  Oft  OTHERWISE  COLD  OR  HOT  WORk'EO. 
b  PARTICULARLY  IN  THE  AN..VALCD  TEMPER.  PRIOR  TO  SOLUTION  HE»T  TREmTMENT. 
THESE  VALUES  EXCEPT  IN  THE  ST  DIRECTION,  HA ’./£  SEEN  ADJUSTED  TO  REPRESENT  THE 
AVERAGE  PROPERTIES  ACROSS  THE  WHOLE  SECTION,  INCLUDING  THE  2.5  PERCENT 
c  PER  SIDE  NOMINAL  CLaGOING  THICKNESS. 

SEE  TABLE  3.1.2. 1.1. 


4 


AdLE  3. 2. 1.0(0).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPCRllES  OP 

2014  ALUH1NUH  AuLOY  (OAR.  ROD,  HIKE  ANL  SHAPES) 


*  “  ** '  “ 

SPECIFICA 

TIOi 

FORM . 

CONDITION 

THICKNESS 

•  •  •  • 

•  •  •  • 

,  MM 

ASIS.. 

MECHANICAL  PROPERTIES) 

FTU,  MPA) 

L 
7 

FTY,  HPAt 
L 
T 

FCY,  MPA 
L 
T 

F3U, 

FBRU.  HP A: 


(E/0=1.5)  ... 
(E/D- 2. 0 ) ... 
F8RV,  MPf : 

(E/0=1.5)  ... 
(E/0=2.0) ... 
EL,  PERCENT) 

L 
7 

E,  GPA . . 

EC,  GPA . . 


physical  properties: 

OMEGA  «  MG/M3 . . 

C,  J/(G*K) . 

Kt  H/{H*K) . . 

ALPHA,  10-6  M/(M*K).. 


-225/4  _ _ 


RF  AND  fHAPFS.KOLLEO  OR  OfiAhN 


2.80 

0 . 56  (AT  373  K) 

156  (AT  298  K) 
22.5  (293  to  373  K) 


FOR  RCUN03 ( KGu ) K 
HEXAGONAL,  OR 
CROSS -SECT  IONA 
EXCEPT  FOR  HIRE 
THAN  1.57MM.  T 
THE  ALL  OWASLEo  G 
FROM  THE  RESUL 
AND  ON  THE  TES 
THESE  ALLCWtSi. 
TEHPER  ARE  HEA 
PROPERTIES  OBI 
IF  THE  MATERIA 
PARTICULARLY  I 


»’X IMUM  DIAMETER  IS  203.2MM.  5  FOR  SQUARE,  RECTANGULAR, 
OCTAGONAL  BAR,  MAXIMUM  THICKNESS  IS  101. 6MH.  AND  MAXIHUH 
L  AREA  IS  2322.6  SQ.CM. 

LESS  THAN  3.17MM.  IN  DIAMETER,  OR  FOR  SPECIAL  SHAPES  LESS 
HICK. 

HCWN  FCA  THESE  TEMPERS  ARC  DASEC  ON  AND  HAVE  BEEN  DETERMINED 
T S  OdTAlNLC  ON  TESTING  OF  T6  AND  T651  TEMPER  MATERIAL 
TING  OF  T 62  TEMPEr.  SAMPLES  FOR  SPECIFICATION  CONFORMANCE. 

ES  ALSO  APPLY  HHEN  SAMPLES  OF  MATERIAL  SUPPLIED  IN  THE  0  OR 
T  TREmTEO  TO  CEMONSTRaTE  RESPONSE  TO  HEAT-TREATMENT . 

A1NE0  GY  THE  USE?.  HOWEVER,  MAY  6E  LOWER  THAN  THOSE  LISTEO 
L  HAS  SEEN  FORMED  On.  OTHERWISE  COLO  OR  HOT  WORKED. 

N  THE  ANNEALED  TEMPER,  PRIOR  TO  SOLUTION  HEAT  TREATMENT. 


MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
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FIGURE  3.2.1.1.1(b). 


Effect  of  temperature  on  the  ultimate  strength 
(Ftu)  of  2014-T6,  T651,  T6510  and  T6511  aluminum 
alloy  (bare  and  clad  sheet  0.508-0.991  mm  thick; 
bare  and  clad  plate  38.12-101.6  mm  thick;  rolled 
bar,  rod  and  shapes;  hand  and  die  forgings; 
extruded  bar,  rod  and  shapes  3.175-19.02  mm 
thick  with  cross-sectional  area  -  161  sq.  c.m.). 
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Effect  of  temperature  on  the  tensile  yield 
strength  (Fty)  of  2014-T6,  T651,  T6310  and  T6511 
aluminum  alloy  (bare  and  clad  plate  76.23-101.6  mm 
thick;  rolled  bar,  rod  and  shapes;  hand  and  die 
forgings;  extruded  bar,  rod  and  shapes  3.175-12.67  mm 
thick  with  cross-sectional  area  £  161  sq.  cm.). 
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FIGURE  3. 2. 1.1.1. (d) .  E 


Eir-iCt  of  temperature  on  the  tensile  yield 
strength  (Fty)  of  2014-T6,  T651,  T6510  and  T6511 
aluminum  alloy  (bare  and  clad  sheet  and  plate 
0. 508-76.2  mm  thick;  extruded  bar,  rod  and  shapes 
12.7-19.02  mm  thick  with  cross-sectional  area 
5.161  sq.  cm.  and  Z.  19.05  mm  thick  with  cross- 
sectional  area  -  206  sq.  cm.). 
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2.1.1.1(e).  Effect  of  exposure  at  elevated  temperatures  on  the 
room-temperat are  ultimate  tensile  strength  (F  )  of 
2014-T6,  T651,  T6510,  and  T6511  aluminum  alloy 
(all  products  except  thick  extrusions) . 
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FIGURE  3.2.1.1.1(f) 


Effect  of  exposure  at  elevated  temperatures  on  the 
room-temperature  tensile  yield  strength  (F  )  of 
2014-T6.  T651,  T6510,  and  T6311  aluminum  alloy 
(all  products  except  thick  extrusions) . 
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FIGURE  3.2.1.1.2(a) 


Effect  of  temperature  on  the  compressive  yield  strength 
(F  t)  of  2014-T6,  T651,  T6510  and  T6511  aluminum  alloy 
( a£i  products  except  thick  extrusions) . 
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FIGURE  3.2.1.1.2(b) . 
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Temperature,  K 

Effect  of  temperature  on  the  ultimate  shear  strength  (FglJ) 
of  2014-T6,  T65 1 ,  T6510  and  T6511  aluminum  alloy  (all 
products  except  thick  extrusions). 
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FIGURE  321  1.3(g).  Effect  of  temperature  on  the  ultimate  bearing 

* . .  "  strength  (Ffe  )  of  2014-T6,  T651,  T6510  and  T65U 

aluminum  alloy  (all  products  except  thick  extrusions) 


FIGURE  3.2.1.1.3(b).  Effect  of  temperature  on  the  bearing  yield  strength 

(F.ry)  of  2014-Tf,  T651,  T6510  and  T6511  aluminum 
alio;/  (all  products  except  thick  extrusions)  . 
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FIGURE  3-2. 1.1.4.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  E  )  of  2014 
aluminum  alloy. 
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1.2.1.1.3(a).  Effect  of  temperature  on  the  elongation  of  2014-T6, 
T651,  T6510  and  T6511  aluminum  alloy  (all  products 
except  thick  extrusions). 


FIGURE  3.2.1.1.5(b).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  elongation  of  2014-T6,  T651,  T651C, 
and  T6511  aluminum  alloy  (all  products  except  thick 
extrusions. 
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Strain,  0001  m/m 

Compressive  Tangent  Modulus,  GPo  U  10) 


Siren,  0001  m/m 

Compressive  Tencent  Modulus,  GPo  U 10} 

FICUslE  3.2.1.1.6(d).  Typical  cospresslvc  i:roi*ftr«lQ4nd  caogcne-oodulos 
eurei  for  eied  201&-T6  aluaiaaa  alloy  (*h««s  « 
ro©=  ecxpcrature. 
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Strain,  0.001  m/m 
Compressive  Tangent  Modulus,  GPo  (x  10) 


FIGURE  3.2.1.1.6(h).  Typical  coopressive  stress-strain  ar.d  tangent-modulus 

curves  for  clad  2014-76  aluminum  alloy  (sheet)  at  533  K 
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Strain,  0001  m/m 

Compressive  Tangent  Modulus,  GPa  (x  10) 


FIGURE  3.2.1.1.6(a).  Typical  tensile  stress-strain  and  compressive  stress- 
scram  and  tangent-modulus  curves  for  201&-T6  aluminum 
alloy  (rolled  bar,  rod,  and  shapes)  at  room  temperature 


FIGURE  3.2.L.  t.6(n) .  Typical  tensile  stress-strain  and  expressive  stress- 
strain  and  tangent-modulus  curves  for  2014-T652 
aluminum  alloy  (hand  forging)  at  room  temperature. 
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Stress,  MPa  Stress,  MPa 


FIGURE  3.2.1 .1.6(o) .  Typical  tensile  stress-strain  and  coopressive  stress- 
strain  and  tangent -sodulus  curves  for  2016-T6  aluxinun 
alloy  (extrusion)  at  rooa  teaperaturc. 


FIGURE  3. 2. 1.1. 6 (p).  Typical  tensile  stress-strain  and  coapressive  stress- 
strain  and  tangent-sodulua  curves  for  2016-76 
aluminun  alloy  (extrusion)  at  rooa  tesperature. 
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Strain,  0001  m/m 

Compressive  Tangent  Modulus,  GPa  lx  10) 

FIGURE  3.2.1.1.6(q).  Typical  tensile  scress-scratn  and  cotapresslve  stress- 
strain  and  tangent-tsodulus  curves  lor  201G-T62 
aluminum  alloy  (extrusion)  at  room  temperature. 
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FIGURE  3.2.1.1.6(r).  Typical  tensile  stress-strain  and  coopresslve  stress- 
strain  and  tangent-oodulus  curves  tor  201S-T651X 
alualnuci  alloy  (excruslon)  at  roots  teeperature. 
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Mtnmum  Stress,  MPa 

FlCt'^E  J. 2. 1.1. A.  Tvplcal  consc.inc-lif?  diagram  for  fatigue  behavior  of 
various  wrought  products  of  201A-T6  aluainus  allov 


Correlative  Information  for  Figure  3.2.1. 1.8 

Product  Form:  Drawn  Rod,  19  -Iran  diameter  1 

Rolled  bar,  25  x  190  ram 
and  28.6  ram 
Forged  slab,  22 . 2  tnm  thick 
Extruded  rod  and  bar,  38.8  ram  diameter, 

31.8  x  31.8  mm,  31.8  x  102  mm 

Properties:  TUS,  MPa  TYS,  MPa  Temp,  K 

501  RT  (Unnotched) 

572  —  RT  (Notched) 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  2000  cpm 
Temperature  —  RT 
Atmosphere  —  Air 


Specimen  Details:  Unnotched:  Notched,  V^Groove,  K,  =  3.4 

—  io.2  mm  diameter  11. 4  ram  gross  diameter 

10.2  ram  net  diameter 
0.25  mm  root  radius,  r 
60 0  flank  angle,  w 

K.  -1 

Kn  =  1 .8 9„-p  =  o .  508  mm, where  Kn  =  l  +  - - - pz. 

I  +  —  -\fl 

tt-(ij  V  r 

Surface  Condition:  Unnotched:  longitudinal  polish,  900  grit 
Notched:  as  machined. 
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3.2.2  2017  ALLOY 


3. 2. 2.0  Comments  and  Properties. — 2017  is  a 
heat-treatable  Al-Cu  alloy  available  in  the  form 
of  rolled  bar,  rod,  and  wire,  and  is  used  prin¬ 
cipally  for  fasteners.  Refer  to  Section  3. 1.3.4  for 
comments  regarding  the  weldability  of  the  alloy. 

A  material  specification  for  2017  aluminum 
alloy  is  presented  in  Tabic  3.2.2.0(a).  Room-tem¬ 
perature  mechanical  and  physical  properties  are 
shown  in  Table  3.2.2.0(b). 


Table  3.2.2.0(a).  Material  Specifications  for  201 7 
Aluminum  Alloy 


Specification 

Form 

QQ-A-225/5  . 

Rolled  bar,  rod, 
and  wire 

The  temper  index  for  2017  is  as  follows: 

Section 

Temper 

3.2.2. 1 

T4 

3.2.2. 1  T4  Temper. — The  effect  of  temperature 
on  E  and  Ec  is  presented  in  Figure  3.2.2. 1.4  for 
2017  alloy. 


FIGURE  3.2.2. 1.4.  Effect  of  temperature  on  the  tensile  and 
compression  moduli  (E  and  E  )  of  2017 
aluminum  alloy.  c' 
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TAoie.  3.2.2.0  0).  DESIGN  MECHANICaL  AND  PHYSICAL  PROPERTIES 

201?  ALUKIN'JM  ALLOY  t POLLED  BAR-  kOC.  AND  HIRE) 


SPECIFICATION . 

FORM  .............. 

CONDITION. . 

THICKNESS.  MM . 

BASIS . 


QQ-A -ZZ5/S- 


.ROLLED  SAP «  ROD,  ANC  HI'-.E 


T4,  T45J®.  AHC  T42b 


<203.20 


MECHANICAL  PROPERTIES: 
f TU.  MPA: 

L . . 

LT . 

FTY,  MPA: 

L.... . 

LT . 

FCY  .  MPA  l 

L . . 

LT . 

FSU .  MPA . 

FBRU.  mpa: 

(E/D= 1 • 5) ......... 

(E/D=2.Q) . . 

FBRY,  MPA: 

(E/U= i. 51  ......... 

(E/0=2. 0) . 

EL,  PERCENT: 

L . 

LT . 

E,  GPA . 

EC,  GPA . 

G,  GPA. . 

MU, . . 


379 


221 


221 

... 

228 

572 

724 

310 

352 

12 


71.7 

73.1 

27.2 
0.33 


i 


PHYSICAL  PROPERTIES: 

OMEGA,  /)G/M3 . 

C,  J/(G*K) . 


K,  W/CH*K) . 

ALPHA,  10-6  M/(M*K). 


2.80 

0.96  (AT  373  K) 

135  (AT  298  K) 
22.9  (293  to  373  K) 


FOR  THE  STRESS -RELIEVED  TFMPER  T451,  ALL  VALUES  APPLY  HITH  THE  EXCEPTION  Or 
FCY  WHICH  HAY  HE  SOMEWHAT  LOWER. 

THE  ALLOWABLES  SHOWN  FCk  ThESE  TEMPERS  ARE  GASEC  ON  AND  HAVE  BEEN  DETERMINE 
FRGM  THE  REaLlTS  OBTAINED  ON  TESTING  OF  74  aNO  T451  TEMPER  MATERIAL  AND 
ON  THE  TESTING  Or  T42  TEMPER  SAMPLES  FOR  SPECIFICATION  CONFORMANCE.  THESE] 
ALLOWABLES  AlSC  APPLY  WHEN  SAMPLES  OF  MATERIAL  SUPPlIED  IN  THE  0  OR  F 
TEMPER  ARE  HEAT  TREATED  TC  DEMONSTRATE  RESPONSE  TO  HEAT  TREATMENT. 
PROPERTIES  OBIAINEO  EY  THE  USER  HOWEVER.  HAY  EE  LOWER  THAN  THOSE  LISTED 
IF  THE  MATERIAL  HAS  SEEN  FOr.MED  Or.  OTHERWISE  COLD  OR  HOT  WORKED, 
PARTICULARLY  IN  ThE  ANNEALED  TEMPER,  PRIOR  TO  SOLUTION  HEAT  TREATMENT. 


4 
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3.2.3  2024  ALLOY 


3. 2. 3.0  Comments  and  Properties. — 2024  is  a 
heat-treatable  Al-Cu  alloy  which  is  available  in  a 
wide  variety  of  product  lorn..  ..Hu  iv  .up  ' rs .  The 
properties  vary  markedly  with  temper,  tho.»c  in 
the  T3  and  T4  type  tempers  arc  noteworthy  for 
their  high  toughness,  while  the  T6  and  T8  type 
tempers  have  very  high  strength.  This  alloy  has 
excellent  properties  and  creep  resistance  at  ele¬ 
vated  temperatures.  The  T6  and  T8  type  tempers 
have  very  high  resistance  to  corrosion,  while  the 
T3  and  T4  type  tempers  should  be  considered  in 
light  of  the  guidelines  in  Section  3. 1.2. 3.  Refer  to 
Section  3. 1.3.4  for  comments  regarding  the 
weldability  of  the  alloy.  Some  material  specifica¬ 
tions  for  2024  are  presented  in  Table  3.2.3.0(a). 
Room  temperature  mechanical  properties  are 
shown  in  Tables  3.2.3.0(b)  through  (j).  The  effect 
of  temperature  on  the  physical  properties  of  this 
alloy  is  shown  in  Figure  3. 2.3.0. 

T ABLE  3.2.3.0(a).  Material  Specifications  For  2024 
Aluminum  Alloy 


Specification 

Form 

QQ-A-250/4 

Bare  sheet  and  plate 

QQ-A-250/5 

Clad  sheet  and  plate 

QQ-A-225/6 

Rolled  or  drawn  bars,  rods, 
and  wire 

WW-T-700/3 

Tubing 

QQ-A-200/3 

Extruded  bar,  rod,  and 

shapes 

The  temper  index  for  2024  is  as  follows: 


Section  Temper 

3.2.3. 1  T3,  T351.T351 0,  T35 1 1 ,  T4  and  T42 

3. 2.3. 2  T361  (formerly  T36) 

3. 2.3.3  T62 

3. 2. 3.4  T81,  T851,  T8510,  T851 1 

3. 2.3. 5  T861  (formerly  T86) 


3.2.3. 1  T3.  T351,  T3510,  T35II,  T4  and  T42 
Temper. — Cryogenic,  room,  and  elevated  tem¬ 
perature  data  for  these  tempers  are  presented  in 
Figures  3. 2. 3. 1.1(a)  through  3.2.3.1.8(f)  as 
follows: 


Figures  3.2.3.1.1(a)  through  3.2.3.1.5(b)  pre¬ 
sent  effect-of-temperaturc  curves  for  various 
properties. 

Figuics  3.2.3. 1 .6(a)  through  (q)  present  tensile 
and  compressive  stress-strain  curves  anti  tangent 
modulus  curves  for  various  product  forms  and 
tempers  at  various  temperatures. 

Figures  3  2.3.!.6(r)  through  (x)  are  full-range, 
stress-strain  curves  at  room  temperature  foi 
various  product  forms. 

Figures  3.2.3.1.7(a)  through  (g)  are  creep  and 
stress-rupture  curves  for  the  T3  temper  at  several 
temperatures. 

Figures  3.2.3.1.8(a)  through  (0  provide  room- 
temperature  fatigue  curves  for  unnotchcd  and 
notched  specimens  for  T3  and  T4  tempers. 

3. 2.3. 2  T36I  (T36)  Temper 

3. 2. 3. 3  T62  Temper.— Figures  3.2.3.3.1(a) 
thiough  3.2.3.3.5(b)  show  the  effect  of  tem¬ 
perature  on  the  tensile  properties  of  the  T62 
temper.  Figure  3. 2.3. 1.4  can  be  used  for  the 
effect -of-temperature  curve  for  elastic  moduli  for 
this  temper. 

Tensile  and  compressive  stress-strain  and 
tangent  modulus  curves  at  room  temperature  are 
shown  in  Figure  3. 2.3. 3.6. 

3. 2. 3.4  T81.  T851,  T852,  T85I0.  and  T8511 
Temper. — Room  and  elevated  temperature  data 
for  these  tempers  are  presented  in  Figures 
3.2.3.4.1(a)  through  3.2.3.4.6(j)  as  follows: 

Figures  3.2.3.4.1(a)  through  3.2.3.4.5(b)  pre¬ 
sent  effect-of-temperature  curves  for  various 
mechanical  properties  for  the  T8XXX  temper. 
Figures  3.2.3.4.1(e)  and  (0  contain  graphs  for 
determining  tensile  properties  after  complex  ther¬ 
mal  exposure.  Sec  Section  3.7.3.  J  for  a  detailed 
discussion  of  their  use. 

Figures  3.2.3.4.6(a)  through  (g)  present  some 
tensile  and  compressive  strers-strain  curves  and 
tangerq  modulus  curves  for  various  products  und 
tempers. 
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Figures  3.2.3.4.6(h)  through  (i)  arc  full-range 
stress-strain  curves  at  room  temperature  for 
various  product  forms. 

3. 2.3. 5  T861  (T86)  Temper.— Room  and  ele¬ 
vated  temperature  data  for  this  temper  arc  pre- 
sent-ed  in  Figures  3.2.3.5.1(a)  through 
3.2.3.5.7(g)  as  follows: 


Figures  3.2.3.5.1(a)  through  3.2.3.5.5(b)  pre¬ 
sent  effect-of-temperature  curves  for  various 
mechanical  properties. 

Figures  3.2.3.5.6(a)  through  (d)  present  com¬ 
pressive  stress-strain  curves  for  sheet  material  at 
various  temperatures. 

Figures  3.2.3.5.7(a)  through  (g)  are  creep  and 
stress-rupture  curves  at  various  temperatures. 
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to 
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FIGURE  3. 2. 3.0.  Effect  of  temperature  on  the  physical 
properties  of  2024  aluminum  alloy. 
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TABLE  3.2.3.0(31) 


design  mechanical  and  physical  Properties  of 

2024  ALUMINUM  ALLOY  (SHEET) 


SPECIFICATION . 

QQ-A-2S0/4 

FORM . 

SHEET 

TEMPER . .  .... 

T3 

THICKNESS,  MM . 

0.20- 

0.25- 

3.27- 

0,2  4. 

3.26 

6.32 

BASIS . 

3 

A  ! 

1  d 

A 

ii 

MECHANICAL  PROPERTIES) 

1 

r 

FTU,  MPA) 

L . 

441 

44  f5. 

44  ri 

448 

455 

LT . 

434 

4  34d 

44  ld 

441 

44o 

FTY,  MPA) 

L . 

324 

324 

331 

324 

331 

LT . 

290 

290 

296 

290 

296 

FCY  ,  MPA) 

L.  .  . . 

269 

2  69 

276 

269 

276 

LT . . . 

31  0 

310 

317, 

310 

317 

fsu.  ypA . 

269 

269d 

2  7  6° 

276 

263 

FBRUV  MFA) 

A 

A 

(E/D= 1.5) . 

717 

717d 

73  lj 

731 

736 

(£/3=2.0) . 

369 

869 

903 

903 

917 

FBRY®’T(PA) 

(E/D= 1 . 5) . 

503 

503 

517 

501 

517 

( E/0=  2 . 0 ) . 

607 

607 

621 

60,' 

621 

EL,  PERCENT! 

LT . 

10 

c 

•  •  • 

c 

•  •  • 

£,  GP A . 

72, 

.4 

73, 

.  8 

G,  GPA .  .  .  . . 

27, 

.6 

‘MU . . 

0 

.33 

PHYSICAL  PROPERTIES) 

OMEGA,  MG/ M3 . 

2 

.  77 

C,  J/  (G* K)  .  .  . . 

|  SEE  FIGURE  3.2.: 

3.0 

K,  W/<M*K)...« . 

ALPHA,  10-6  H/<H*K>.. 


SEE  FIGURE  3. 2.3.0 


SEE  TABLE  3.1. 2. 1.1. 


BEARING  VALUES  ARE  ORY  PIN  VALUES  PER  SECTION  1.4. 7.1. 


SEE  TABLE  3.2.3.0(C) 


THESE  VALUES  WERE  DECRt'ASEO  IN  CHhNGE  NOTICE  3  TO  MIL-HOBK-56  DUE  TO  A 

process  change,  the  previous  higher  values  hay  be  used  only  on  existing 

DESIGNS. 


TABLE  3.2.3.0(c).  Percent  Elongation  Values  for  Bare  2024  Aluminum  Alloy  (Sheet  and  Plate) 


‘Minimum  values,  A  or  S  basis,  for  applicable  columns  in  Tables  3.2.3.0(b))  and  0>2>. 


TABLE  3.2.3.0(d).  Modulus  Values  and  Poisson's  Ratio  for  Bare  2024  Aluminum  Alloy  (Sheet  and  Plate), 
All  Tempers 


Property 

E 

Ec 

G 

V 

Thickness,  mm 

0.25-6.32  . 

mm 

■H 

27.6 

0.33 

>0.63  . 

mm 

m 

27.6 

0.33 

T  ABLE  3.  2. 3.0  <E  1 ) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
CLAD  2024  ALUMINUM  ALLOY  t SHEET  ) 


SPECIFICATION, 

FORM . 

TEMPER . 

THICKNESS ♦  MM, 


BASIS, 


MECHANICAL  PROPERTIES: 
FTU,  MPA  t 

L . 

LT . 

FT  Y  ,  MPA  : 

L . 

LT . 

FCY »  MPA  J 

L . 

LT . 

FSU,  MPA . 

FBRIT,  MPA: 

(E/0=  1.5) . 

(E/0=  2.0) . 

FBRY®,  MPA : 

(E/0= 1. 5) . 

(£/0=2. . . 

EL.  PERCENT: 

LT . 

E,  GPA : 

PRIMARY . 

SECONDARY . 

EC.  GPA: 

PRIMARY . 

SECONDARY . 

G.  GPA . 

MU . 


PHYSICAL  PROPERTIES! 

OMEGA.  HG/M3 . 

C.  J/(G*K) . . 

X,  W/(M*K) . 

ALPHA,  10-6  M/(K*K>.. 


0.33 


2.77 


“  “  “  "  m  “ 

QQ-A-25  0/5 

FLAT  SHEET 

!  0.20- 

0.25- 

1. 

59- 

3.2  7- 

0., 

>4 

1.58 

3.26 

6.3  3 

A 

Ci 

A 

0 

A 

0 

A 

0 

| 

!  <*07 

414 

414 

42  1 

427C 

■ 

434C 

434 

441 

407 

414 

4  21° 

42f 

427 

434 

!  303 

310 

303 

310 

310 

324 

310 

324 

i  2  65 
| 

276 

269 

276 

276 

290 

276 

1 

;  2^3 

255 

24.-) 

255 

255 

269 

255 

269 

2S0 

295 

TSNr1t  Wr 

296 

296 

310 

29  6 

Til 

!  2  55 

255 

255 

262 

262 

2  69 

269 

276 

662 

669 

669 

693 

666 

703 

703 

717 

821 

634 

934 

348 

662 

e76C 

376 

385 

469 

463 

469 

483 

4  83 

503 

483 

503 

i  565 

579 

565 

579 

579 

607 

579 

607 

10 

•  •  « 

b 

•  •  • 

15 

_  • 

15 

-  •  *  ♦ 

72 

.4 

65.5 

fadTy 

73 

.6 

66. 

9 

70 

,3 

*  SEE  TABLE  3. 1.2. 1.1.  BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4. 
b  SEE  TABLE  3.2.3. 0(F). 

THESE  VALUES  WERE  DECREASED  IN  CHANGE  NOTICE  3  TO  MIL-H03K 


PROCESS  CHANGE. 
DESIGNS. 


THE  PREVIOUS  HIGHER  VALUES  MAY  BE  USEO 
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TABLE  3. 2.3.0  (E3) 


SPECIFICATION 


TEMPER . 

THICKNESS,  MM. 


MECHANICAL  PROPERTIES 
f TU,  MPA  J 

L.  . . 

LT . 

FTY,  MPA  l 


FCY,  MPA  S 


F0RU,  MPAS 
(E/0=1.5) 
(E/D=2.0I 
FBRY^’^PA  S 
(E /D= 1.5) 
(E/O=2.0) 
EL,  PERCENTS 

LT . 

E,  GPAS 

PRIMARY,. 
SECONDARY 
EC,  GPAI 

PRIMARY.. 
SECONDARY 
G,  GPA . 


PHYSICAL  FROPCRT IES  * 

OMEGA,  MG/M3 . 

C,  J/ (G*K) . 

K,  H/(M*K) . 

ALPHA,  10-6  H/(M*K) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
CLAO  2024  ALUMINUM  ALlOY  (SHEET  ANL  PLATE) 


-A-250/5 


COILED  SHEET 


0.25- 

1.58 


262  265 
262  269 
262  269 


b BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4.7. 1. 

THESE  VALUES  HAVE  BEEN  ADJUSTED  TO  REPRESENT  THE  AVERAGE  PROPERTIES  ACROS 
c  THE  WHOLE  SECTION,  INCLUDING  THE  2,5  PERCENT  NOMINAL  CLADDING  THICKNESS 
d  SEE  TABLE  3.1.2.  1.1. 

SEE  TABLE  3.2.3. 0(F) . 
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MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
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TABLE  3.2.3.0<H).  CfcSIGN  MECHANICAL  ANO  PHYSIlAL  PkOPCRTIES  OF 
2029  A L UK IN DM  ALLOY  (CRAHN  TOEING) 


SPECIriCATI CN 


CONDITION..  .. 
THICKNESS.  MM 


MECHANICAL  PROPERTIES 
FTU,  MFAJ 

. . 

LT . 

FTY,  MPA  t 

. . 

LT . 

FCY,  MPA! 


WW-T-70  0/3 


DRAWN  TUu 


•  96  - 
12.  70 


T92 


0.96- 

12.70 


F8RU.  MPA: 
(E/0= 1.5). 
(E/0=  2. 0)  . 
FBRY .  MPf: 
(E/C= 1.5) 
(E/0=  2. OJ . 
EL,  PERCENT ! 

L . 

LT . 

E,  GP A . 

EC,  GPA . 

G,  GPA . 

MU . 


PHYSICAL  PROPERTIuS: 

OMEGA,  MG/M3 . 

C,  J/(G*KJ... . 

K,  W/(K*K) . 

ALPHA,  10-6  M/(N*K> 


2.77 

SEE  FIGURE  3. 2. 3.0 

121  (AT  298  K),  SEE  FIGURE  3. 2. 3.0 
SEE  FIGURE  3. 2. 3.0 


THESE  PROPERTIES  APPLY  WHEN  SAMPLES  OF  MATERIAL  SUPPLIED  IN  THE  0  03  F 
TEMPER  ARE  HEAT  TREATED  TO  DEMONSTRATE  RESPONSE  TO  HEAT  TREATMENT 
PROPERTIES  OETAINEO  EY  THE  USER,.  HOWEVER,  HAY  BE  LOWER  THAN  ThOSE  LISTED 
IF  THE  MmTERIAL  HAS  SEEN  FORMED  OR  OTHERWISE  COLO  OR  HOT  WORKED, 
PARTICULARLY  IN  THE  ANNEALED  TEMPER,  PhlOF.  TO  SOLUTION  HEAT  TREATMENT. 
SEE  TABLE  3.2.3. OIGJ . 


TABLE  3.2.3.0(11) 


DESIGN  HcChAnIOL  AND  PHYSICAL  PROPERTIES  OF 

2024  AlUHINUH  ALLOY  (BAR.  R00,  AND  HIRE.  ROLLED  AND  CRwHH) 


SPECIFICATION . 

OQ-A-225/6 

FORK . 

GAR.  ROD  kNID  HIRE-ROLLE'j  .  DRAWN,  OR  COLO-FINISHED 

TEMPER . 

T  3  51 

CROSS-SECTIONAL  AREA,  MK2 

<23230 

thickness,  km . 

IRBPO 

ranSZl 

50. 62-] 

!  76.  22- 

1127.0  2-J152.42 

rami 

Bill 

76.2  1  1 

1101. 61 

12  7.  0  1a 

Si  52 . 4  1?  165.  10 

BASIS . 

c 

S 

^  j 

t  ^ 

b 

f 

C 

MECHANICAL  PROPER! IES: 

FTU i  MPA: 

j 

j 

L . . . 

427 

427 

427 

427 

427 

427  ; 

427 

LT...., . 

421 

353 

375 

372 

359 

i  •  •  • 

FTY,  MPAS 

L . 

310 

310 

310 

310 

310 

|  310 

LT . 

24S 

246 

248 

246 

242 

246 

•  •  • 

FCY  «  MPm ! 

L . . . 

234 

234 

234 

234 

224 

234 

•  •  * 

LT . 

2e3 

263 

263 

263 

263 

263 

•  •  « 

FSU ,  MPm . 

255 

255 

255 

255 

255 

255 

•  «  • 

F8RU,  HP A  J 

(£/D= 1.5) . 

621 

621 

621 

621 

621 

621 

•  •  • 

(E/D=2.0) ......... 

753 

753 

753 

793 

793 

753 

•  •  • 

F6RY ,  MPAS 

(E/0= 1.5) . 

434 

4  34 

434 

434 

434 

434 

*  •  • 

(E/D=  2. 0) . 

510 

510 

510 

510 

510 

•  •  • 

EL,  PERCENTS 

L*««* !••••  ■•§•••• 

10 

10 

10 

10 

10 

10 

10 

LT . 

10 

6 

6 

4 

2 

•  •  • 

•  •  • 

E.  GPA . 

72.4 

EC,  GPA . 

73.6 

G,  GPA . 

27.6 

HU . 

0.33 

•  '  ”■  '  '  '  ‘  ‘ 

•  L  1 

m  11  "  ■  "I  1 

PHYSICAL  PROPERTIES: 

OMEGA.  MG/ M3 . 

2.77 

C,  J/(G*K) . 

1 

SEE  FIGURE 

3. 2. 3.0 

K,  . . 

I  121  (AT  298  K)  FOR  T3XX, 

SEE  FIGURE  3.2.3. 

0 

ALPHA,  10-6  M/(H*K)..  j 

*  • 

SEE  FIGURE 

3. 2. 3.0 

aFOH  P.OfNOS  (ROC)  MAXIMUM  DIAMETER  IS  165. 1KM.:  FOR  SOUARE.  RECTANGULAR. 
HEXAGONAL  CR  OCTAGONAL  6AR .  HAXIMOM  THICKNESS  IS  101. 5HH. 


3-7.1 


r,jp^ry.  -w—v  r  v; .•  i- Jyw -  5 ™  5  ■  •V-W>'. '■•;■•  ir^psi^r  ^  ^  ■••  '.,y.»w 


j: 

< 

Cxd 

o 

o 

Z 

o 

X 
_J 
U.  -j 

o  o 
CK 
wo 

X  © 
H  X 

»-  o' 
>C  HH 
UJ  X 
X 

o  o 
a:  z 

CL  <X 


«u  o 
o  o 

►H  O' 

co 

>-  * 
x  a: 
a  <t 
m 
o  *- 
z 

<  V 

o 

-J  _J 

<  -J 

o  < 

M 

z  r 

<  3 
X  z 
o  *-< 

UJ  x 

z  z> 

_J 

u  1 
o 

►H  J- 
00  CM 
UJ  O 
O  CM 


CD 

< 


Ji 

ah 

CM |  •? 
CMiO‘ 
»  ,Xj 

<  H 

i  i-j 
olo1 
o  x» 


Ofl 

r 
§! 


i-t, 

l*»  H 

•  • 

CM  IT 

i0 

CO 

^  I 

m  • 

<*  • 

o  • 
O  • 

-y  « 

• 

• 

• 

•  • 

•  • 

•  1 

•  • 

•  • 

•  • 

•  • 

•  • 

•  1 

in 

• 

• 

• 

T~ 

e-  « 

un  • 

* 

•  t 

•  • 

•  4 

in 

• 

VI  ♦ 

<n 

rv  • 

«y  • 

« 

•  I 

•  • 

4  ■* 

in 

»y  • 

eo  • 

• 

•  • 

•  • 

•  « 

UJ 

H 

*0 

o 

v-l 

N-  • 

vC  • 

• 

•  • 

•  1 

•  • 

o 

t 

VL? 

l/J 

CM  • 

n-  • 

• 

•  • 

t  • 

•  • 

H 

« 

in 

-y  « 

CM  • 

• 

t  • 

•  • 

•  • 

• 

UJ 

• 

At 

nj 

o  • 

CM  ♦ 

• 

•  • 

•  • 

•  • 

CT 

• 

•  • 

i0 

o  • 

\D  • 

• 

•  • 

•  • 

•  • 

*H 

• 

in  eo 

•y  • 

CM  • 

• 

•  « 

•  » 

•  • 

• 

vC  o 

*H  CM 

• 

1*3  ; 

CM  •—) 

LT 

N*  t 

vD  « 

• 

•  in 

*>  4 

•  • 

o 

• 

•  •: 

CO 

CM  • 

e^  • 

• 

•  IT* 

«  • 

•  • 

• 

cm  in; 

y  • 

CM  • 

• 

•  CM 

•  • 

4  4 

• 

in  v0> 

• 

AsJ 

1 

a  .yl 

n.  cn 

yO  co 

H 

•  m 

f«  J- 

\D  H 

O  CM 

•  *i 

l/> 

cm  m 

n-  j- 

CM 

«  in 

J- 

co  .y 

»~4 

N»  (Ml 

-y  eo 

CM  CM 

CM 

•  CM 

yD  (O 

eo  *y 

cm  in 

CM  w*  \ 

J  CO  o' 

cm  cm 

uj  in 

•  in 

*-*  AT 

sD  ~-t 

o 

CM 

;  • 

CO 

CM  N* 

n-  in 

CM 

•  in 

-y  *h 

co  j- 

»LT 

j-  eo 

CM  CM 

CM 

•  CM 

U)  TO 

eo  *y 

(©*  P0| 

IH  w-4 

• 

i«4 

iCM  ~<| 

UJ  ro 

CM 

O  Ji 

50 

•  in 

+4  _y 

n-  cm 

o 

CM 

•  • 

UJ 

cm  n- 

J*  \£ 

CM 

•  m 

-y  *-• 

o  u? 

H 

*4  a* 

«y  *o 

0.1  CM 

CM 

•  CM 

yD  co 

«y  «y 

O 

•H  «-4 

• 

CM  •-< 

T" 

CM  U> 

O  Ji 

CO 

•  in 

r4  J- 

e^.  cm 

O 

*y 

•  • 

CO 

CM  N* 

Ji  sD 

CM 

•  in 

-y  ^ 

o  UJ 

»-< 

UJ  *-l 

J-  *n 

CM  CM 

CM 

•  CM 

yD  <0 

~y  -r 

N-  O 

• 

1 

CM  — 1 

CO  CM 

r-  eo 

C~i  yC 

X3 

•  in 

^  J- 

e«-  cm 

o 

u> 

•  * 

10 

CM  O' 

n 

CM 

•  in 

-y  ^ 

O  yD 

O  U> 

-r  eo 

CM  CM 

CM 

•  CM 

U)  CO 

j-  -y 

i n  e- 

A  -J 

J-  <C 

^  n- 

o  eo 

<0 

•  in 

J- 

N.  CM 

a 

CO 

•  ♦ 

C/> 

CM  o 

cn  as 

CM 

«  in 

O  -D 

H 

in  o 

•y  -y 

CM  CM 

CM 

•  cm 

yD  X> 

cm  in 

t 

O'  — 

u>  -y 

N  »-< 

O  O 

JO 

•  in 

*4  J- 

N  CM 

O 

O 

•  • 

V) 

CM  CM 

vJ>  J> 

CM 

•  in 

*4 

O  UJ 

cm  in 

•y  *y 

CM  CM 

CM 

«  cm 

sD  yO 

*y  L? 

— «  CM 

1 

00 

'v 

»-»  U> 

K»  H 

o  o 

**> 

•  in 

*  «y 

J*  UJ 

O 

O 

•  • 

lO 

CM  CM 

H  H 

*y 

•  in 

-y  w 

eo  O' 

v>  O' 

o-  *y 

eo  eo 

CM 

•  cm 

U>  UJ 

.y  -y 

H 

L 

J 

c  • 

*  * 

«  • 

»  • 

♦  ♦ 

«  • 

-  • 

•  t 

t  • 

#  * 

*  • 

•  • 

• 

M  •  • 

•  • 

•  • 

r  • 

CO  #  • 

«  • 

•  • 

•  • 

•  • 

• 

a;  •  • 

t  • 

•  • 

•  * 

•  • 

J  • 

-J  •  • 

•  • 

•  • 

•  • 

•  ♦ 

:  © 

J—  •  • 

•  • 

•  • 

•  • 

•  • 

x  • 

X  •  • 

•  • 

•  • 

•  • 

•  • 

• 

UJ  •  • 

•  • 

•  • 

1  « 

•  4 

j  * 

X  r  • 

*  • 

•  • 

—  *m. 

w  ( 

X  • 

O  *  • 

•  * 

•  • 

in  o 

mow  • 

C  X 

O'  •  # 

•  • 

•  * 

*•  ♦  # 

*»  *  ♦ 

z  • 

3  r 

CL  ~  •  • 

«♦  • 

•  • 

«X  H  N  <  r4  NU  • 

M 

. 

<x  •  • 

<r  •  • 

< X  • 

X  II  II 

a  ii  it 

<_>  • 

—  » 

jl  *  • 

x  •  • 

X  « 

•  a 

XOOXQOff  » 

D  (0 

4  t  «  • 

X  •  « 

X  * 

•  X 

S  N. 

>*  N  UJ  • 

U  CO 

C  •  V- 

•  h- 

*- 

♦  UJ  u 

©Uj  UJ  Q.  * 

h- 

0  UJ 

W  — J  -«/ 

•  -J  -J 

•  -J 

-J  * 

z>  ~  ~ 

>.  w  W 

-J 

-J 

z 

Z  D 

>- 

>- 

D 

0d 

Ui 

o  *r 

IS, 

<  J- 

►— 

o 

CO 

CD 

GO 

-1 

o  o 

r- 

X  u. 

X 

Ul 

ll. 

u. 

UJ 

D  en 

in 

O 

fO 

;*y  eo  U>  fO 


cm  eo  n-  : 
In-  e^  nj 


<r  - 
<  Q.  < 


♦  o  •  ^ 

UJ  UJ  o  X 


os 

o  o  o 

•  U/  • 
.CO  CO 

N  ./-V  • 

N-  <M  US  CM 
•  »  • 
fy  PI  CO  <o 
cr> 

UJ  CM  Li' 
OS  ps 
»  H  5 
o  <:  O 


x  m  uj 

w  ^  UJ 
co  «/J 

x 

H 

OS 

X 


00 

a. 

CM 

5 


Od  eo 
UJ  X 


•*  r  * 

X 


o  x 
M  X 

u;  o  o  ^  «u 


x  >• 

j 

h-(  -J 

j 

cr 

o  u 

UJ  -J 

I 

• 

e-  D 

j 

IU 

x  n  *j 

<X 

-i  t-4 

i 

-J 

<£  •  Jc 

O  H-  -U 

O 

r.  x  <t 

r 

z 

O  UJ  CO  X 

aX 

u 

X  o 

i 

»- 

aJ  H  X  * 

o 

X  1-  O 

UJ 

1-  X  OJ 

X 

UC  2  5T 

• 

zj-att  • 

5 

»  r 

•H  I  O  »— 

H 

UJ  r 

►-  e-  ^  z 

J** 

if'  in 

O  -4  x* 

•x  • 

X  ‘UI  X  l-  X 

■?; 

X  u-  o  1- 

■D  = 

_l  X  X  <x 

00  -rH 

a  o  o  x 

X  »— 

ac  v) 

Z  O  1- 

*Vi 

o  -H 

XXX 

X 

in  X  O  e- 

lO 

x  z  x 

••  to 

o  o  v  o  x 

; 

•  UJ 

>H  X  <x  O  X 

x  =: 

rvc  x  z 

x  ^ 

XX  X  z 

'H  <_J 

N-  Of  ©  X  O 

'jfc 

•  H 

in  x 

r  x  x  x  i- 

'< 

UJ  h- 

e-  >  u  D 

U.  U  ul  jJ  J 

V 

X 

a  o'  x  x  o 

; 

co  r> 

1-  o  »-  x 

M  X 

10  to  x  o 

M 

X  z  o 

O'  X 

j  o  Jd  m  f- 

UJ  <x 

x  r  x  o 

i-  r 

rwifl  x 

-  -j 

UJ 

•a  a  z>  x  o 

,-P 

r  © 

X  X  M 

<x  ad 
w  < 
a  eo 

X  J 
3  <X 

X  z 


ZHIQJO. 
UJ  e-  o 
x  o  X  • 
3  iu  >■  a: 

H  UJZU 
>•  cl  -JO. 


1 

hH  O 

•J  UJ  o  uj  z 

•  1 

X  J> 

• 

X  O' 

X  0  X 

•  1 

o  <x 

>- 

X  e- 

z 

e- 

n  i 

z  »— 

<t 

M  I/O 

iC  1 

o 

z 

►- 

<X  <J 

a 

*  i 

—  o 

o 

u 

r—  T, 

X 

z  1 

o 

X  X 

ZTi 

X 

w  1 

O  DC 

a 

»H  X 

O  X  cf 

N*  1 

|VC  O 

o 

v~ 

<x 

X 

Z  t 

«-» 

•£. 

aaJWH 

2 

i 

-i 

x  an 

U  Of 

Z 

lO  1 

co  *-r 

O 

X  't 

x  w 

i  t 

o  z 

h- 

o 

e-  h- 

s/ 

O  1 

z  o 

1*  i)d 

a.'  X 

X 

* 

1 

o  o  to 

a  x  x  z 

X 

Z 

1 

o  a 

X 

a 

X 

H* 

©  1 

ar  x 

►H 

x  z 

O  X 

<  1 

X 

-J 

to  X 

•j;  x 

Z 

X 

X  1 

n:  x 

CL 

x  e- 

x  e- 

a  i 

o 

a 

X 

© 

— j  i 

X 

< 

i  A 


3-71a 


3  „ 

!  - 


we3»araa^gtSflg^«!gwaSo 


T\T 


im.  v 


• 

1 

1 

1 

1 

, 

O'  x 
—  CM 

O'  O' 

f<  m 

o 

CM 

cr>  ^ 

1*0  u*. 

i 

4  • 

1 

•  • 

co 

\D  lO 

^o  j- 

tD  CM 

P-  CO 

O'  x 

4. 

1 

' 

U5  y 

•y  o 

CO  CM 

co 

M  CM 

tA  p* 

c»>  y 

•1 

< 

iJl 

1 

1 

o 

a 

1 

o  co  r 

tA 

1 

UJ 

O'  to 

cO 

a 

rp  ® 

♦O  tA 

X  o 

® 

4 

1 

•  • 

U3 

O 

to 

; 

vD  vD 

>o  j- 

UJ  CM 

cr  y 

O  O' 

4- 

1 

t-t 

!M 

J*  »o 

CO  Pi 

co 

CM  CM 

lA  N 

y  y 

•1 

1 

1 

ro  x 

A 

V 

1 

1 

t 

O 

CM  CO 

CM  sD  «-C 

N.  CO 

O  <0 

• 

4 

1 

CD 

w  O' 

N.  CO 

IA 

O'  y 

CM  O' 

y  ro 

• 

4 

IA  K> 

CO  CM 

CO 

CM  CM 

i% 

• 

• 

*  °° 

1 

•  « 

i 

UJ  LT 

* 

l 

X  H 

K)  (M 

O'  O' 

0O 

CO  vO 

CO  CM 

X  X 

O  Al 

i 

•H 

< 

CO 

if\  \D 

CO 

UJ  A 1 

CP  tA 

CM  *h 

•4 

i 

*y  #o 

CO  CM 

CO 

CM  CM 

UN  P» 

y  ia 

i 

o 

. 

i 

CO 

1 

i 

H 

a  o 

PJ  *0 

tA 

CO  co 

^  y 

lA  A| 

• 

4 

i 

M> 

o 

N.  -O 

y 

a  j- 

y  < 

IA  tA 

• 

4 

i 

1 

ft 

IA  S 

^O  CM 

CO  CO  CM 

vD  co 

y  ia 

• 

4 

t 

O'  05 

Ui 

a. 

X  U) 

<j 

ro  X 

»0  O' 

O'  O' 

ro 

o  j- 

tA 

y  ~4 

O 

M 

XI 

<1 

<o  c* 

VA  vO 

CO 

O'  CO 

o  vD 

ro  co 

ft 

i 

r 

- 

j-  ^0 

fO  CM 

ro 

CM  CM 

u> 

y  tA 

c 

z 

ia 

CO 

a 

■ol 

CM 

1  *o 

CO  Lf 

<M  vX> 

*H 

y  -4 

^  O' 

CM  t> 

• 

4 

i  -v 

# 

O 

JO  r4 

K.  O' 

co 

cm  a- 

CM  P>. 

UJ  tA 

• 

4 

CO 

1  c 

to  O 

-y 

CO  CM 

CO 

ro  cm 

uj  r- 

y  tA 

« 

4 

■o 

X 

1  O  O 

*  j 

y  oo 

«A 

®  CO 

*0 

X 

u 

1  1 

't. 

•  • 

y 

tA  TO 

o 

CM 

1  u 

o 

<T  7? 

X 

X  CM 

1  1 

• 

*■<  -o 

CO  vO 

fs.  lA 

•o 

vi>  O 

r>  y 

CO  UJ 

O  ia 

a. 

1  O 

•o  tA 

<x 

^  CO 

fl  tA 

30 

Cv.  (V 

P*  CM 

O'  x 

f< 

o 

i  a 

'X 

*o 

J-  CO 

CO  CM 

CM 

CM  CM 

tA  P- 

ro  y 

CM 

i  »«t 

H* 

O 

ui 

i 

* 

*-« 

i 

OiO-, 

►— 

» 

ui  J-* 

UJ 

f'-  vD 

y  O' 

u> 

' 0  y 

CM  vA 

X  o 

4 

j: 

i 

Xi 

CM  O 

CM  X> 

N. 

C'  f4 

IA  A 

O  A 

• 

4 

u' 

O 

1 

•y  co 

ro  rj 

CM 

CM  CM 

IA  UJ 

y  y 

4 

4 

Q- 

i 

or 

O'  co 

i 

X 

•  • 

CL 

UI 

CM  O' 

.  „ 

l 

y  cm 

•O  IA 

CM  Cs. 

O  CP 

cr  cm 

CM  UJ 

-J 

z 

5 

'X 

f*  ^ 

O  IA 

vD 

C^  o 

CO  UJ 

X  u> 

— < 

<1 

n 

«y  n 

CO  CM 

CM 

CM  CM 

tA  UJ 

ro  y 

U 

LH 

1 

to 

=> 

t 

O 

>- 

(X 

I 

o 

X 

r- 

1 

O'! 

C5 

y  vO 

O' 

CO  -4 

<o  u> 

x  o 

• 

4 

a. 

X 

1 

CM'  -0 

CM  O' 

M  P' 

tD 

O  <M 

tA  O' 

O  A 

• 

* 

UJ 

1 

f 

Lf  'O 

CO  CM 

CM  ro  CM 

lA  UJ 

y  y 

• 

• 

o 

<T  X 

IO  'C 

•  • 

<x 

>- 

1 

o 

1 

UJ  CM 

•O 

_i 

-1 

I 

-y  \£> 

co  CM 

IA 

co  y 

®  'D 

cr  rw 

CM  UJ 

< 

-1 

t 

< 

V-4  00 

O  vO 

IA 

X5  -4 

CO  P- 

x  uj 

o 

<t 

1 

*y  *o 

*0  CM 

CM 

CM  CM 

IA  UJ 

•o  y 

►-« 

1 

<r 

D 

i 

X 

2 

1 

o 

M 

1 

W  O 

y  co 

CM 

o  y 

^  UJ 

<r  tA 

« 

4 

IU 

X 

1 

CM  O 

CM  O 

^  f4 

CM  O 

UJ  y 

• 

• 

X 

O 

1 

-y  *r 

CO  CM 

N 

CO  CM 

UJ  P» 

y  tA 

• 

• 

_i 

1 

o 

1 

• 

►H 

~T 

t 

vD 

CO 

CM 

\ 

M 

•O  CM 

o  tr. 

y 

CO  O 

CP  tA 

«-4  O 

CM 

• 

UI 

O 

1 

< 

O' 

O'  tA 

CO 

CO  o 

y 

CM  O' 

fi 

4 

o 

CM 

1 

» 

•o 

CM  CM 

CM  CM  CM 

lA  P« 

y  y 

4 

J 

• 

1 

N 

1 

* 

X 

•  • 

•  * 

f  « 

•  • 

«  • 

•  4 

4 

H 

1 

• 

X 

•  • 

•  • 

•  « 

•  0 

•  • 

4  4 

4 

-> 

1 

• 

•• 

*  • 

•  • 

•  • 

(  0 

•  4 

4  4 

4 

1 

• 

c 

to 

»  • 

•  • 

k  • 

•  c 

•  • 

4  4 

4 

o 

1 

• 

■X 

UJ 

•  • 

•  » 

*  • 

0  0 

•  • 

4  4 

0 

• 

• 

4 

UI 

-4 

•  • 

•  ♦ 

4  • 

•  0 

•  • 

4  4 

4 

ro 

1 

* 

►“ 

•  * 

•  • 

•  # 

•  0 

t*  * 

4  • 

4 

« 

1 

4 

or 

X 

•  • 

•  • 

•  • 

•  0 

•  • 

4  4 

4 

CM 

4 

UI 

•  • 

•  « 

«  « 

*  0 

•  • 

4  4 

4 

• 

1 

• 

-J 

u. 

•  • 

»  • 

•  • 

f> 

4  4 

■o 

4 

*0 

1 

* 

< 

o 

•  • 

•  • 

•  * 

tA  O 

tA  cj 

pt 

4  4 

r 

1  Z 

X 

z 

.r 

•  • 

•  • 

•  • 

M  «  « 

“  *  • 

4  4 

X 

UJ 

1  c 

X 

o 

a 

•• 

•  • 

<X  *+  CM 

•4  •*  ro 

•  4 

o 

-1 

1  b-4 

H 

o  «  • 

r*  •  • 

•  < 

0.  ti  h 

cl  n  it 

4  4 

r 

o 

1  >- 

* 

►— 

-j 

a.  •  ♦ 

a.  •  • 

X 

•  a. 

X  o  o 

X  O  O  iX 

<t  • 

« 

1  < 

CO 

o 

<T 

X  •  • 

X  •  * 

r 

•  z 

X  X 

X  X 

UI 

<x 

CL  <X 

* 

►- 

1  c 

co 

UJ 

o 

• 

• 

►-  -  •  Ui  vX,  *  U  jj  IX 

C— 

CL 

o  a 

'X 

4 

1  H 

UI 

ol 

*-« 

•  -1  - J 

•  -J  -J 

*  -j 

^  4-3 - •-> - 

-J 

- J  O 

o 

o 

(  a. 

a:  z 

1 

z 

D 

>- 

>■ 

D 

of 

• 

• 

Ui 

i  4- 

u 

lO 

CO 

*— 

►- 

o 

(A 

X 

CD 

-J 

o  • 

D 

X 

# 

1  o 

X 

a. 

o 

lO 

X 

u. 

*£. 

U. 

u. 

IL 

u. 

UJ 

UJ 

UJ  o 

X 

o 

o 

UJ  «  I  H 

Q-  O  (a;  X 
(/>  U.  H»  H" 


O 

X 


CO 

•  u; 
W  u> 

•  z 

X  V 

•  c_> 

y  ^ 

•  x 


Z  Z 
O  -• 
•  H 
4-  • 

o  x 

UJ  X 
UJ  tA 


to  X 
W  H- 
3 

J  vO 

«y  to 
>  u. 


t-H  Z 

o-  o 


nz  o 

o  Vi 

:o 


to  LU 
ui  J 
■D  O! 

_J  < 

•r  o 
>  •■« 
-j 

o  a 
z  x 

H  <3 
V 

*4  ►— 
uJ  O 
X  Z 

*  UJ 


j 


-J 

si 


'  i 


3- 7  lb 


-;•■«■.:■  *  •,*■  SMKJWsgss 


—  J-  >X 


■iijai  i.'-.v '. ~. - * '^natlZsKS-Tr 


m 


SPECIFICATION 


QQ-A-2C  0/3 


TEMPER. . 

THICKNESS,  MM, 


CROSS-SECTI CNAL  AREA ,  MH2|<  20600 
.  •  S 


MECHANICAL  PROPERTIES 
FTU,  MPAS 

. . 

LT . 

FTY,  MPAS 

. . . 

LT . 

FCY ,  MPAS 

. . 

LT . 

FSU,  MPA . 

FBRU.  MPAS 

(E/D= 1.5) . 

(E/0=2. 0) . 

F8RY,  MPAS 

(E/D= 1.5) . 

(E/D=2.0) . 

EL,  PERCENTS 

L . 

LT . 

E,  GPA . 

EC,  GPA . 


OMEGA,  MG/M3 
C,  K,  ALPHA  . 


74.5 
75.8 
28.3 
0.33 
2.77 

SEE  FIGURE  3. 2. 3.0 


“BEARING  VALUES  ARE  CRY  PIN  VALUES  °ER  SECTION  1. 4.7.1. 

bUP  TO  19.0AMK.  INCL.-12S  19.05MM.  TO  36.09MM.  INCL.-10!  36.10MM.  ANO  OVCR.  UP 
TO  161.3  SQ.CM.  INCL.-IOS  36.10MM.  ANC  OVER,  OVER  161.3  TO  206.5  SQ.uM. 
INCL.-8. 

c  THESE  ALLOWA5LES  APPLY  WHEN  SAMPLES  OF  MATERIAL  SUPPLIED  IN  THE  0  OR  F 
TEMPER  ARE  MEAT  TREATED  TO  DEMONSTRATE  RESPONSE  TO  HEAT  TREATMENT. 
PROPERTIES  OBTAINED  6Y  THE  USER  HOWEVER,  MAY  cE  LOWER  THAN  THOSE  LISTED  IF 
THE  MATERIAL  HAS  BEEN  FORMED  OR  OTHFRWISE  COLD  OR  HOT  WORKtD,  PARTICULARLY 
IN  THE  ANNEALED  TEMPER,  PRIOR  TO  SOLUTION  HEAT  TREATMENT. 
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FIGURE  3.2.3.1.1(c) 


’Effect  of  temperature  on  the  ultimate  tensile 
strength  (F£u)  of  2024-T3  and  2024-T4  aluminum 
alloy  (extrusions) . 
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FIGURE  3.2.3.1.1(d).  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  2024-T3  and  2C24-T4 
aluminum  alloy  (extrusions). 
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FIGURE  3.2.3.1.1(e).  Effect  of  exposure  at  elevated  temperatures  on  the  room 

temperature  ultimate  tensile  strength  (F  )  of  2024-T3, 
T351  and  2024-T4  aluminum  alloy  (all  products  except 
thick  extrusions) . 
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FIGURE  3.2.3.1.1(f) 


Temperoture,  K 

Effect  of  exposure  at  elevated  temperatures  on  the 
room-temperature  tensile  yield  strength  (Ftv)  of 
2024-T3,  T351  and  2024-14  aluminum  alloy  (all 
products  except  thick  extrusions). 
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Temperature,  K 

FIGURE  3.2.3.1.2(a).  Effect  of  temperature  on  the  compressive  yield  strength 

(FCy)  of  clad  2024-T3,  T351  and  clad  2024-T4  aluminum 
alloy  (sheet). 
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FIGURE  3.2.3.1.2(b).  Effect  of  temperature  on  the  ultimate  shear 

strength  (F  )  of  clad  2024-T3,  T351  and 
clad  2024-T4  aluminum  alloy  (sheet) . 
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FIGURE  3.2.3.1.3(a).  Effect  of  temperature  on  the  ultimate  bearing 

strength  (F,  ru)  of  clad  2024-T3,  T351  and 
clad  2024-T4  aluminum  alloy  (sheet) . 
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FIGURE  3.2.3.1.3(b).  Effect  of  temperature  on  the  bearing  yield 

strength  (F.  r  )  of  clad  2024-T3,  T351  and 
clad  2024-T4  aluminum  alloy  (sheet) . 
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FIGURE  3. 2.  3. 1.4.  Effect  of  temperature  on  the  tensil  and 
compressive  moduli  (E  and  E^)  of  2024 
aluminum  alloy. 
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FIGURE  3.2.3.1.5(a).  Effect  of  temperature  on  the  elongation  of  2024-T3, 

T351  and  2024-T4  aluminum  alloy  (all  products  except 
thick  extrusions) . 
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FIGURE  3.2.3.1.5(b).  Effect  of  exposure  at  elevated  temperature  on  the 

elongation  of  2024-T3,  T351  and  2024-T4  aluminum 
alloy  (all  products  except  thick  extrusions) . 
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FIGURE  3.2.3.1.6(h).  Typical  conpressive  stress-strain  and  tangent-modulus 
curves  for  clad  2024-T3  aluminum  alloy  (sheet)  at 
644  K. 
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FIGURE  3.2 .3. 1 .6(1)  .  typical  tensile  stress-strain  and  compressive  stress- 
*“•*»  -•'*-  wi.«6cus.-ui<jduiu>  curves  tor 
alusinuo  alloy  (plate)  at  rooa  temperature. 


FIGURE  3.2 .3 . 1 .6(J) .  Typical  tensile  stress-strain  and  compressive  stress- 

strain  and  tangent-modulus  curves  for  202<--T42  aluminum 
alloy  (place)  at  rooa  ceaperature. 
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FIGURE  3.2 .3.1.6(k) . 


Typical  tensile  stress-strain  and  compressive  stress 
strain  and  tangent-modulus  curves  for  202A-T4 
aluminum  alloy  (rolled  bar,  rod,  and  shapes)  at 
room  temperature. 
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FIGURE  3.2 .3.1 .6(1) .  Typical  tensile  stress-strain  curves  for  202^-T35lX 
aluminum  alloy  (extrusion)  at  room  temperature. 
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FIGURE  3.2.3.1.0(a).  Ispica  .essive  stress-strain  and  tangent-modulus 
curves  202&-T351X  aluminum  alloy  (extrusion) 
ar  temperature. 
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FIGURE  3.2 .3.1 .6(p) .  Typical  tensile  stress-strain  curves  for  2024-T42 
aluainua  alloy  (extrusion)  at  rooa  teaperature. 
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FICURE  J.2.3.1.6(<0.  Typical  conpreaalve  acr.ts-scraln  and  cangent-aodulua 
curves  for  2024-T42  aluminum  alloy  (extrusion) 
at  roon  teaperature. 
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FIGURE  3. 2. 3. 1. 6(r) .  Typical  tensile  stress-strain  curves 

alloy  (sheet)  at  room  temperature. 


£ 

o' 


f 


! 

i 


£ 

c 

o 

w- 

00 


>> 

o 

H 

rH 


B 


3 

d 


rH 

<d 


co 

H 

I 

<r 

CM 

o 

cm 


T3 

CO 

rH 

a 

u 

o 

4-4 


00 

§ 


d 

4-4 


(0 
a) 
> 
j— j 

a 

o 


CO  <U 
V4  M 
■u  d 
u 
CO 

W  <0 

<u  a, 

Vj  e 

■U  QJ 
CO  -H 


CO 

I 

CO 


Q) 


CO  XJ 
O  0) 
*H  Q) 
CU.C 
>>  CO 
H  ^ 


CO 

vO 


CO 

CM 

CO 

g 

s 

w 

P4 


DdlAJ  ‘SS9J4S 


3-91 


■■■■■■■■■a 


aaaaasiiiiiiajKijijjjjjjjjj-ijijgi-iii 


■■■■■■■■■ 


HCaaaaaaa 
Saaaaaaa ■■■■■■■■I 
■■■■■■■■  ■■■■■■■■■ 
mmiiHiiiuii 


■■i 

iiai 

■» 


■■■■■■■■■■■ 

■■■■■■■■■■■■I 

iiinniiiiii 


Saaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 
-  -  ■■■■■  eastf  ai  ■■■■■■■■■■■■■■■■■■■ 
........RnnniinumnmiNnniim 

iiSiiHniiiSnaiiHHiiiiiuiiuHrtiiiii 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 
*■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■" 
IB ■■■■■■■■■■■■■■■■■■■■■■■■■!■■■■ ■■■■■■■■■■ 


!■■ 


gamaaBsassasasaHaasasasssw, 


■■■■HI 
!■■■■■■■ 

nnuni 

imim 


:■■■■■■■■■■■■ 


■■■■■■■■■■■■■■■«■■■■■■■■■■■■■■■■■■■ 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 


■■■■■■■■■■■ 
«■■■■■■■■ 
EaaaaaaaaaHV 

K«5S5i«— ■  ■■■ 


!■■■■■■  ai 

■■■■■■■■■ 


■■■■■■a 


uiaiiii 

iaaaa aaa 


[■■■■■■■a 
■■■■■HI 


■■■■i 


;■■■■■■■■■■■■■■■■■■ 


!«■■■■ 

awl 

luiin 
ilia  aaa 


iaaaaai 


■■■■■■■■■■■■ 


■■■■I 

■ua 


■■■■■■■■■■■■a 


iaaaa 

nui 


■■■■■■a 

■■■■■■■■I 

!■■■■■■■■! 


■■■■■■■■■■■■a 


[■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■> 
!■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 
■■■■■■ «■*«■■■■■■■■■■■■■■■■■■■■■■■■■ 


«■■■■■■■■■■■■ 

iaaasasaa 

P— !«■ 

aassm 

[lainiiiilHI 

ssasaaass' 

gauSa 

Eaaaai 


■  ■■■Ml 


■■■■■■■■■■a 
HMHHIII  a  a  a  a  bbbbbbb 
immuaanaaaiHH 
aunaaaaaaaaaaaa 


■aaa  I 


— 

m 


HnifliauaaanflBBiuunaiaaaaiiiaai 
iBBflaaaBaBaaBaHBaBaaflBaBBBBaaaaaaaaaBa 


■■■ 


aaaa 


aaai 


laanaaaat 


sa 


laaaaaai 


iHiai 

■raiai 


aflHHHHHl 

laaaanaaaaaaaai 

[■■aaaaaaaaaaaai 


aaaflBiBBaial 

■■■■■■■■■■a] 


Isaaasaaaai 

Eaaaaaaaaaaaaaaaai 

BBlHHHliaaa  ■■■■■■«■■■■■■ 
laaaaaaaaaaaaaaaa ■■■■■■■■■■■! 


Itniiaainunai 

■aaaunBaiSaaaaaaaaaaaaa 


■aaaa a 


laaaaaai 


■aaaaaaaaaaaai 


!■■■! 


aaasaSKSiaassss 


■■■■i 


iNmniummiiiiiiu 

:«a\a«sHiSiiSSSiS 


■■■■■■■■■a 


■■aal 


iaaaa  I 
iaaaa  I 
iaaaa  I 
iaaaa  I 
iaaaa  | 
aaaal 


■■■■■■■■■■aaaaaaaaaaaaaaaa 


aaai 


aaaa 


■!■■■■■■■ 

■aaaaaBBBB 

IBHBBaiHi 


aaa 


■  WWW  — 

■aaaa aaaaaaaaaaaai 
■■■■■■■■■■■■■■■■ai 


■■■■■■naainannaiaaaamaaaaaaaaaaiiiaH 
■■■■■■■■■■aaaalaaaaaaaaaaaaaaaaaaaaaaaaaaaa 

■anaaaa&aU.«MSS5!5!B!K2U5!5555£U5S5SSl 
■aamaaa— aaiiwaamagaaMiiiimUmmii 
SaaaaaaaaaaaaiBaiaaaaaaaaaj 

-  iaaam  '  ■■■ 


■aaaaaaaai 

IHaaaaaaaaai 
■■■■■■■■■■■■a 


■■■■■■■I 

■■■aaaal 

laaaaaai 


:ss 


!■■■■■■■■■■■■■■■ 


laaaaaai 


■■■' 


i  aaai 

sta 


■■■an 

■piai 


!■■■■■■■■■■■■■ 
■aaa ■■■■■■■■■■ 


:■■■■■■■ 


;■■■■■  aaaaaa 
laaaaaaaaaaa 


aaaaaaaaaaaai  | 
[■■■■■■■■■■■Hi 
aaaaaaaaaaHI 
■■■■■■■■■■■a 
■Haaaaaaai 
■iaSiaaaaaaail 
iaaaBHHBPaaHp 


taaaaaam 

iaaaa 

iaaaa 


■■■■■■■■■■I 


■HaaaHHI 

■■■■■■■■■a 


■aaaaai 


i  anal.. 
■Baaaai 


■■■■■at 

■aaml 

maani 


■■■■■■■■■■■■■■■■■■■■■■aaaaaaaaaaaaaaaaal 
■■■■■■■■aaaaaaaaaaa ■■■■■■■■■■■■■■■■■■■■  I 
(■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■l 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■I 


■nan 


■■aaaal 


iaa 


iaaaaai 

■aaaaai 


■■■■a 


®BK^Maaaaaaaawaaaw«^Mgaaaaaaaaaai»a*|a 


■■■Hi 

B ■■■■■! 

■aaaai 


K! 


■■■■■a 


■■■■■■■■■a 

■■—■■■■■a 


!■■■■■■■■■ 

laaaaaaaaa 


laaaaaai 


aaai 


in 


sn? 


aaai 


■■■■ 


■iiai 

■■■■■■ 


■mum 


kvaaaaai 


■aai 

■■■■ 

■■■■ 


■■■■■■■■■all 

aaaaaaaaaaai 


■aal 

Jiaaal 

■■aal 
iaaaaai I 
■aaaaaa  I 

■■Haal 


■aaaaaaaaaai 


aaai 


aaaaai 


laaaaaai | 

IHE  ■■■■■■■ 
iiaaaaaaaflB 
jaiiaaaaaBgl 


3.2.3.1.6(u).  Typical  tensile  stress-strain  curves  (full  range)  for  2024-T351X  aluminum 
alloy  (extrusion)  at  room  temperature. 
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FIGURE  3.2.3.I.6(v).  Typical  tensile  stress-strain  curve  (full  range)  for  2024-T4 

aluminum  alloy  (extrusion)  at  room  temperature. 
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FIGURE  3.2.3.1.6(x).  Typical  tensile  stress-strain  curves  (full  range)  for  2024-T42  aluminum  alloy 

(extrusion)  at  room  temperature. 


Percent  F,u  at  Room  Temperoture  «  Percent  Ffu  at  Room  Temperature 


£  3.2.3.1.7(a).  Creep  data  for  2024-T3  and  2024-T4  aluminum 
alloy  (clad  sheet)  at  422  K. 


Deformation  includes  thermal  expansion  of  0.25 
percent.  Heating  rate  294  K  per  second. 


FIGURE  .5.2.3.1.7(b).  Creep  data  for  2024-T3  and  2024-T4  aluminum 

alloy  (clad  sheet)  at  478  K. 

Deformation  includes  thermal  expansion  of  0.44 
percent.  Heating  rate  283  K  per  second. 
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!R£  3.2.3.1.7(c).  Creep  data  for  2024-T3  and  2024-T4  aluminum 
alloy  (clad  sheet)  at  533  K. 


Deformation  includes  thermal  expansion  of  0.55 
per  cent.  Heating  rate  283  to  297  K  per  second. 


Snpifl 

■niini 

hum 

IHIIII'I 
lUIIIIIW 

imiiiiiH 

HUB— 

111111111 

■HSlIIIII 

Kta—ui 

Bun 

■■■llllll 
■■■111111 
■■■UHl 
■■■111111 
Kminui 
■■iiiiii 

■■■mu 
I  i  mi 
(■iiim 
Bin 


Totol  deformotion 


■■■Hill 

■miiiui 
■■nm 
■mm 
Kofimiii 
HOinuu 

■■Kilim 

■wuaim  1 
■■fett  lii 
■kill'll 

■i  nm 

■■UIUKV'I 

niimmaBiunii 
■■mini— kbhiiii 

■■■IIIUH— Kmilll 
■MMIIIim»:*KClMll 

■■■■■■HI— IB— 

■■■iiiiib— — 

■miHiu 


■■■Mill 

■■■mm 

■■■mill 

■■■mill 


■■iiiiii 

l■■■lllll 

l■■lgllll 

■■niini 


K—iiii 

mum 

■■■■■iii 

■■■mil 

M■■■lm 

— ■iiiii 
■nuin 
■■■nm 
■■■niii 
■■■mil 
■■■mil 
—■Bim 

■■■■SI 
■nfl 

Minim 

—■liny 
E— uiml 
IBiMmil 
■[■■■Ulll 
■■■■mill 
■■■■■■<111 


Time,  minutes 

FIGURE  3.2.3.1.7(d).  Creep  data  for  2024~T3  and  2024-T4  aluminum 

alloy  (clad  sheet)  at  589  K. 


Deformation  includes  thermal  expansion  of  0.69 
percent.  Heating  rate  300  to  305  K  per  second. 


Figure  3.2.3.1.7(e)  Creep 
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FIGURE  3.2.3.1.8(a).  Tvpical  con<cant-lifo  diagram  for  fatigue  behavior  of 
various  wrought  aroduct*  of  2ft2i-T4  »itnlmia  alio*' 


Correlative  Information  for  Figure  3.2.3.1.8(a) 


Product  Form:  Drawn  rod,  19 , 1  nun  diameter 
Rolled  bar,  25  x  190  mm  and 
28.6  mm  diameter 

Extruded  rod  and  bar,  31.8  mm  diameter, 
31.8  x  31.8  mm,  31.8  x  102  mm 

Properties:  TUS,  MPa  TYS,  Mpa  Temp,  K 

531  381  RT  (Unnotched) 

531  _  RT  (Notched) 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  2000  cpm 
Temperature  —  RT 
Atmosphere  —  Air 


Specimen  Details: 


Unnotched: 

10.2  mm  diameter 


Notched,  V-Groovc,  Kt-  3.4 
11.4  mm  gross  diameter 
10.2  mm  net  diameter 
0. 25  mm  root  radius,  r 
60°  flank  angle,  w 


Kn  =  1.92,P  =0.457  mm,  where  Kn  *  1  + 


Surface  Condition:  Unnotched:  longitudinal  polish,  900  grit 
Notched:  as  machined. 
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FIGURE  3.2.3.1.8(«)..  Typical  constant-life  dlagraa  for  notched  fatigue 
bfhavior  of  2024-T3  alualnua  alloy 


Correlative  Information  for  Figure  3.2.3.1.8(e) 


Product  Form:  2.29  ran 


Properties: 


TUS,  MPa 
503 


TYS,  >ga  Temp. 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  1100 

to  1500  cpm 
Temperature  —  RT 
Atmosphere  —  Air 


K 


372 


RT  (Unnotched) 
RT  (Notched) 


Specimen  Details:  Notched,  Edge,  Ki  =4.0 
57.2  mm  gross  width 
38.1  mm  net  width 
1.45  mm  root  radius,  r 
0°  flank  angle,  w 

Km  =2.88, p  =0.508  mm,  where  Kn’1  +  — - - — 

,  +  JL.  fl 

Surface  Condition:  Electropolished. 
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Minimum  Stress,  MPa 

FICURE  3.2.3.1.8(f).  Typical  constant-life  diagran  for  notched  fatigue 
behavior  of  2026-T3  alualnua  alloy 


Correlative  Information  for  Figure  3.2.3. 1.8(0 

Test  Parameters: 

Loading  —  AmuI 
Frequency  —  1100  to 
1 500  cpni 

Temperature  —  RT 
Atmosphere  —  Air 


Specimen  Details:  Notched,  Edge.  Ki  =  5.0 

57.2  nm  gross  width 
38 . 1  mm  net  width 
0.79  tun  root  radius,  r 
0°  flank  angle,  co 

Kn  =  3.22, p  *  0.508,  Kn=1  + 


Kt-1 


Product  Form:  2.29  mm  bare  sheet 


Properties: 

TUS,  MPa 

TYS,  MPa 

Temp.K 

■  m 

372 

RT  (Unnotched) 

430 

— 

RT  (Notched) 

Surface  Condition:  Electropolished. 
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FIGURE  3.2.3.3.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (Ftu)  of  2024-T62  aluminum  alloy 
(all  products) . 


FIGURE  3.2.3.3.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(Ft  )  of  2024-T62  aluminum  alloy  (all  products)  . 
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FIGURE  3.2.3.3.1(c) 


Temperature,  K 

Effect  of  exposure  at  elevated  temperatures  on 
the  room- temperature  ultimate  tensile  strength 
(F  )  of  2024-T62  aluminum  alloy  (all  products) 
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FIGURE  3.2.3.3.1(d) 


Temperature,  K 

Effect  of  exposure  at  elevated  temperatures  on  the 
room-temperature  tensile  yield  strength  (F  )  of 
2024-T62  aluminum  alloy  (all  products). 
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FIGURE  3.2.3.3.5(a).  Effect  of  temperature  on  the  elongation  of  2024-T62 

aluminum  alloy  (all  products) . 
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FIGURE  3.2.3.3.5(b).  Effect  of  exposure  at  elevated  temperatures  on 

the  elongation  of  2024-T62  aluminum  alley 
(all  products) . 
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Typical  tensile  stress-strain  and  compressive  stress-strain 
and  tangent-modulus  curves  for  2024-T62  aluminum  alloy 
(plate)  at  room  temperature. 
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FIGURE  3.2.3.4.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Fcu)  of  2024-T81, 
T851,  T8510  and  T8511  aluminum  alloy 
(all  products)  . 
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FIGURE  3.2.3.4.1(b).  Effect  of  temperature  on  the  tensile  yield 

strength  (FCy)  of  2024-T81,  T851,  T8510 
and  T8511  aluminum  alloy  (all  products). 
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FIGURE  3.2.3.4.1(c).  Effect  of  exposure  at  elevated  temperatures  on  the  room 

temperature  ultimate  tensile  strength  (F  )  of  2024-T81 
T851,  T8510  and  T8511  aluminum  alloy  (all  products) . 
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FIGURE  3.2.3.4.1(d).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  tensile  yield  strength  (F  )  of 
2024-T81,  T851,  T8510  and  T8511  aluminum  alloy 
(all  products) . 
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FIGURE  3.2.3.4.1(e).  Effect  of  temperature  on  the  ultimate  tensile  strength 

(Ftu)  °f  2024-T81  clad  aluminum  alloy  (sheet) . 

Note:  Instructions  for  use  of  these  curves  are 
presented  in  Section  3. 7. 2.1. 
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FIGURE  3.2.3.4.1(f).  Effect  of  temperature  on  the  tensile  yielci  strength 

(Fty)  of  2024-T81  clad  aluminum  alloy  (sheet) . 

Note:  Instructions  for  use  of  these  curves  are 
presented  in  Section  3.7. 2.1. 
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Temperature,  K 

FIGURE  3.2.3.4.2(a).  Effect  of  temperature  on  the  compressive  yield  strength 

(F  )  of  2024-T81 ,  T851,  T8510  and  T8511  aluminum  alloy 
(all  products) . 


FIGURE  3.2.3.4.2(b).  Effect  of  temperature  on  the  ultimate  shear  strength 

(F  )  of  2024-T1,  T851,  T8510  and  T8511  aluminum 
alloy  (a) 1  products) . 
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FIGURE 
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3.2.3.4.3(a).  Effect  of  temperature  on  the  ultimate  bearing 
strength  (Fbru)  of  2024-T81,  T851,  T8510  and 
T8511  aluminum  alloy  (all  products) . 


3.2.3.4.3(b).  Effect  of  temperature  on  the  bearing  yield  strength 
(F^  )  of  2024-T81,  T851,  T8510  and  T8511  aluminum 

alloy  (all  products). 
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FIGURE  3.2.3.4.5(a).  Effect  of  temperature  on  the  elongation  of  2024-T81 

T851,  T8510  and  T8511  aluminum  alloy  (all  products) 
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FIGURE  3.2.3.4.5(b).  Effect  of  exposure  at  elevated  temperatures  on  the 

elongation  of  2024-T81,  T851,  T6510  ana  T8511 
aluminum  alloy  (all  products). 
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FIGURE  3.2.3.4.6(c).  Typical  co-a?****^*  *  cress- sera  lr.  and  cangenc-oodulus 
curves  for  clad  2Q24-T81  aluatnus  alloy  (shea?) 
at  422  K. 
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FIGURE  3.2.3.4.6(d). 


Typical  coopresslve  stress-strain  and  tangent-sodulus 
curves  lor  clad  2024-TSt  aluslnua  alloy  (sheer) 
at  677  K. 
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FIGURE  3.2.3.6.6(e).  Typical  tensile  stress-strain  curves  for  2026-1851 
alualnua  alloy  (plate)  at  roo=  temperature. 
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FIGURE  3.2.3.6.6(f).  Typical  expressive  scrass-straln  and  cangene-aodulus 
curves  for  2026-T851  aluslnua  alloy  (plate)  at 
rooa  ctaparacure. 
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Compressive  Tangent  Modulus,  GPa  (x  10) 

FIGURE  3.2.3.4.6(g).  Typical  tensile  stress-strain  and  comprecsive  stress- 

strain  and  tangent-modulus  curves  for  2024-T851 
aluminum  alloy  (extrusion)  at  room  temperature. 
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FIGURE  3.2.3.4.6(h).  Typical  tensile  stress-strain  curves  (full  range)  for  2024-T81 

aluminum  alloy  (sheet)  at  room  temperature. 
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FIGURE  3. 2. 3.4. 6(j) .  Typical  tensile  stress-strain  curves  (full  range)  for  2024-T851 

aluminum  alloy  (extrusion)  at  room  temperature.  ! 
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FIGURE  3.2.3.5.1(a).  Effect  of  temperature  on  the 

ultimate  tensile  strength 
(Ftu)  of  2024-T861  (T86) 
aluminum  alloy  (sheet). 
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FIGURE  3.2.3.5.1(b).  Effect  of  temperature  on  the 

tensile  yield  strength  (Fty) 
of  2024-T861  (T86)  aluminum 
alloy  (sheet) . 
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FIGURE  3.2.3.5.1(c) 


Effect  of  exposure  at  elevated 
temperatures  on  the  room-tem- 
perature  ultimate  tensile 
strength  (Ftu)  of  2024-T861 
(T86)  aluminum  alloy  (sheet) . 
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FIGURE  3.2.3.5.1(d). 

Effect  of  exposure  at  elevated  temperatures 
on  the  room-temperature  tensile  yield 
strength  (Fty)  of  2024-T861  (T86) 
aluminum  alloy  (sheet). 
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Effect  of  temperature  on  the  compressive 
yield  strength  (FCy)  of  2024-T861  (T86) 
aluminum  alloy  (sheet) . 
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FIGURE  3.2.3.5.2(b).  Effect  of  termerature  on  the  ultimate 

shear  strength  (Fsu)  of  2024-T861 
(T86)  aluminum  alloy  (sheet) . 


3-12  7 


wifiWi 


I  ntka22*iaBiiiaisssiiiiaiiiiiiiaRiiiaiBiiiiiuiBiiaiiiaBi*a«B>i*aRaiaaBi|*a'S>BRaHiiRa 

■  ■■■■■■■«_  'tMMtlava  Ma  ■  ■■  ■(■■a  aaa  aal 


BB8aaBfta*^*«aaiiBiiiaaiiiiaiiiiiiiiiiRaiiiiiaaiiaiiiiiaii8iiaiiaiiiii*a*»BaaaBaSa 

B8B8aB8aaaBao*«88Baaa888a88888Ba8BaaBaBa8a8aa8888aai8B8aa8BaBttBaaa88aaBaB8aB8aia 

■■■■■  88188 18118 •.1*188  811 18 Hill  111  1881118 1118181188  81881  Bill 8 18 1 88 81188  BB1BB 81888 

BBlBBBBBBaBBBBBIBRk.r'MHHMMMHMMMHHMHHMMHHMMMMHHMMMMMMMMHHMMMMMMHMMMMMlHi 


„-„-„-„^JMaa^aaBUMBilBBaailB8ilBSaSaS8aa8BB||l||iBaaiiaiiaUaaBaSSaB88aa| 
I  "8aa8a88>ia88M»8«aa8>i88SilMW|^^^MiiaaaaBB8Ba8Ba| 


•**8888888 88 888  8 1888 B8Bv'*888B8BB8B8B8 18  888888188 88  B8J 

888888888888888888888888888888  RMMMMMRMMRMMH8 
■■laaiRiBB  laiRMRiRaa  BRMiBBai.  aik 


■PWMKiiiiRiiimimiaif 

fitmWmnmnn: W£ a a¥ a a a 888888880888  v*3SU8l  BBBBBBS  5St 

1 8888888888 1888888888888888888  ^88W\  \%M8888*SS««888| 
1 8888888888 8888888888 8888888888 %88i  l  8w'»n?*:=-*Bf8aaBBBf 
1 888888888888888888888888888888^  818  •  -888888888880] 
1 8888881888 8888888888 88888 88888 8 l*8i  V8880 88888 »S5aB 8 Bl 

1 88888 888888888888888 8888888888 8W  888  VtBRMMlHlMiMMfl 


■8 888 8888 8 88888 1 
feaiaaiBaaaBifcial 

Ek::k::::k: 


- _HR88aa8888888888MV888vB8ju«sSSnnni881 

188888888888888888888888888888888  801  XT'  SlVMIIIIIIIM 
I  888888888888888888888888888888881  «8  18888 B88.'«B888** Sal 


88888888888888 

iiiBRBiiiBiiia 
99888888888888 

88888888888888 

■88 88888 8 8888 8 

B88B8888!8B!8S888Ba8888!88aa888aaialm8aB888?!^MIIuSMMMMMMRE 888  88888MB8B8 

1188888888888888888888888888888888881  **'^8  8888888^88888888888888888888888888888888 
8888888888 8888888888  8*88888888  8888888888  88888888.  '8888888888888888888888888888888 
188B881B8 8 88 BIB 18188 88888 ■■■•■ 81*88^81 88 18 1888 BB8.*8BBBB888B8 88188 88888 88 88 181188 
•88888 8888 8888888888 88 888 88888 8888888888 8888888888 ^8888888888888888188 8888888888 
88B8888BB8 B88BB ■«■ 88 88888 88888 ■■■8888 88 8 888 88 88188k 8BB8BB8888B8888888BBB888 88888 
1 8888  8  88188  B8B88 R 8888 8 8 888 88 88 B 88888 8 BR 88 R8 888 18888  8k  88 8 8 88R 8 888 8881888888888888 8 
•888888888 B88B8B8M88 88888 88888 8888888888 B8^8888888fe8k 888B88BB8888B88B8B8B88B8888 
88888888888888888888  88888  88888  8888888888  881>88  88888  8  B8k '888888  88888888888888888888 
8188888888 8888 888888 88B8B 8888 8 88888 888 88 88 88 8R8B8R 8888.  8888 8 81^88888888888888888 
■888888888 8888888888 88888888888888888888 888888888888888.^8888  B8888888B88888888888 

>88888888088888888881 

MMH|MMMl8MMMH|MM||IIIIIII8IlliaMll8lirillINIIIIIUIIIIIlll 

888  8888888888  88888 8 888^8888888888  8888 ■■■ 888 


:  Strength  at  temperature 
20  ;  Exposure  up  to  1000  hr 


!  1888 88888888888888888888 '«88888888a888888888 
lBB8B88*B88B8iK8aaaa8888ik'88aBiaaa  8888888888 
U88  8888888888  ■8888B888888w'(a 888888888888888 
18888888888888 8888888888 888B08S88B 8888888888 
■■8ir888a888888I888BiB88888B8K''8UBB8BBBna8 

1888 8888818888 ■8881881888888B88v "8 8818888888 

t888R888888888Ba88i88B888B8888rak88B888888afi 


B8BB88888888888888B888881888888a8B8888l8IB88888888B88MMMMMSHMM>SiMMRRi 

8888888188 11888 88888  88888 18888 1888888 818 8 8888 88888 888888 1811 8B18B 18888 8888888888 

iSSSKHHSKSSSSKSSSKiUKSiSKHKSSSHKSiiKiKHSKKKKKiiiKSRH 

8888888888 8888888888 8 8888 88888 88888888fi88888888888  8888888888  8888888888  8888888888 
B8888888B8 888888888888888888 88 8888888888 8888888888 8888888888 88B88BV888 8888888888 
88888 888B8B8888B8888 8888888888 8888888888  88888888  88  88888888 88 8888888 8 88 1888888*88 


300  350  400  450  500  550  600  650  700 


Temperature,  K 


FIGURE  3.2.3.5.3(a). 


Effect  of  temperature  on  the 
ultimate  bearing  strength 
(Fbru,  e/D  =  1.5)  of  2024-T861 
(T86)  aluminum  alloy  (sheet). 
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FIGURE  3.2.3.5.3(b).  Effect  of  temperature  on  the 

bearing  yield  strength  (Fbry. 
e/d  =  1.5)  of  2024-T861  (T86) 
aluminum  alloy  (sheet) . 
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FIGURE  3.2.3.5.3(c).  Effect  of  temperature  on  the 

ultimate  bearing  strength 
(Fbru,  e/D  =  2.0)  of  2024-T861 
(T86)  aluminum  alloy  (sheet) . 
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Temperature,  K 

FIGURE  3.2.3.5.3(d).  Effect  of  temperature  on  the 

bearing  yield  strengtli  (F|,rv, 
e/d  =  2.0)  of  2024-T861  (T86) 
aluminum  alloy  (sheet). 
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FIGURE  3.2.3.5.5(a) 


Effect  of  temperature  on  the  elongation  of 
2024-T861  (T86)  aluminum  alloy  (sheet). 
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FIGURE  3.2.3.5.5(b).  Effect  of  exposure  at  elevated  temperatures  on  the 

elongation  of  2024-T861  (T86)  aluminum  alloy  (sheet) 
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Creep  data  for  2024-T861  (T86)  aluminum  alloy 
(clad  sheet)  at  422  K. 


Deformation  includes  thermal  expansion  of  0.25 
percent.  Heating  rate  2/7  K  per  second. 
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FIGURE  3.2.3.5.7(b).  Creep  data  for  2024-T861  (T86)  aluminum  alloy 

(clad  sheet)  at  478  K. 


Deformation  includes  thermal  expansion  of  0,44 
percent.  Heating  rate  289  K  per  second. 


FIGURE  3.2.3.5.7(c).  Creep  data  for  2024-T861  (T86)  aluminum  alloy 

(clad  sheet)  at  533  K. 

Deformation  includes  thermal  expansion  of 
0.55  percent.  Heating  rate  305  K  per  second. 


FIGURE  3.2.3.5.7(d).  Creep  data  for  2024-T861  (T86)  aluminum  alloy 

(clad  sheet)  at  589  K. 

Deformation  includes  thermal  expansion  of  0.69 
percent.  Heating  rate  305  to  311  K  per  second. 
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FIGURE  3.2.3.5.7(f).  Creep  and  stress-rupture  properties  for  2024-T86I 

(186 )  aluminum  alloy  (clad  sheet)  at  422  K. 
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3.2.4  2025  ALLOY 

3. 2. 4.0  Comments  and  Properties. — 2025  is  a 
hcal-trcatablc  Al-Cu  forging  alioy  for  which  ap¬ 
plications  have  been  limited  primarily  to  pro¬ 
pellers.  Refer  to  Section  3. 1.2. 3  for  comments 
regarding  the  resistance  of  the  alloy  to  stress-cor¬ 
rosion  cracking,  and  to  Section  3. 1.3. 4  for  com¬ 
ments  regarding  the  weldability  of  the  alloy. 

A  material  specification  for  2025  aluminum 
alloy  is  presented  in  Table  3.2.4.0(a).  Room-tem¬ 
perature  mechanical  and  physical  properties  are 
shown  in  Table  3.2.4.0(b). 


Table  3.2.4.0(a).  Material  Specification  for  2025 
Aluminum  Alloy « 


Specification 
OO-A-367  . 


Form 

Forgings 


■“This  ailoy  is  intended  primarily  for  propeller  applications 


The  temper  index  for  2025  is  as  follows: 


Section 
3.2.4. 1 


Temper  or  Condition 
T6 


TABLE  3.2.4 -.0  Cj>  .  CFSiGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  O^ 
2025  ALUMINUM  ALLOY  (oIE  FORGING) 


OG-A-367 


CIS  FORGING 


MECHANICAL  PROPERTIES! 
FTU,  MP„  ! 

L . 

T3. . 

FTY,  MPA! 

. . 


FSU,  MPA.... 
F8RL'«  MPr-l 
(E/0=  1.5) 
(E/0=  2.0 
F8RY .  MPA! 
(E/0=  1.5) 
(C/0=  2. 0) 
EL,  PERCENT! 

L . 

T . 

E,  GP A . 

EC,  GPA . 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . 

C,  J/(G*K) . 

K,  V./(M*K) . . 


ALPHA ■ 


M/  ( H*  K) • • 


0.96  (AT  373  K) 

156  (AT  298  K) 
22.7  (293  to  373  K) 


FOR  DIE  F  CrcGlNGS ,  T  If.CICATES  ANY  GoAlN  OIKECTICN  NOT  WITHIN  ±  15  CEGREFS  OF 
BEING  PAkALLEL  TO  THE  FORGING  FLOW  LINES.  SPECIMENS  TO  TEST  TH«NlVERSE 
PROPERTIES  SH0UL0  BE  LOCwTEC  CLOSE  TO  THE  SH0R1  TRr-NSVEKSE  0IRECTI0N  AS 
POSSIBLE. 
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3,2.5  2124  Alloy 

3. 2.5.0  Comments  and  Properties. — 2124  is  an 
Al-Cu  alloy  available  in  the  form  of  plate  in 
thicknesses  of  40  through  150  aim.  This  alloy  is  a 
high  purity  version  of  alloy  2024.  The  higher 
purity  in  conjunction  with  special  production  pro¬ 
cessing  provides  higher  elongations  in  the  short 
transverse  direction  and  improved  fracture 
toughness  over  that  exhibited  by  conventionally 
produced  2024  alloy.  The  alloy  is  currently  only 
produced  in  the  T85 1  temper.  The  alloy  like  2024 
has  excellent  properties  and  creep  resistance  at 
elevated  temperatures.  The  alloy  in  the  T851 
temper  has  good  resistance  to  stress  corrosion. 
The  physical  properties  are  essentially  the  same  as 
those  for  2024-T851  plate.  Refer  to  Section 
3. 1 ,3.4  for  comments  regarding  the  weldability  of 
the  alloy. 

The  applicable  material  specification  for  2124- 
T851  plate  is  presented  in  Table  3.2.5.0(a). 


Room  temperature  mechanical  properties  arc 
shown  in  Table  3.2.5.0(b). 


Table  3.2.5.0(a).  Material  Specification  for  2124 
Aluminum  Alloy 


Specification 

Form 

QQ-A-00250/29 

Plate 

The  temper  index  for  2124  is  as  follows: 


Section 
3.2.5. 1 


Temper 

T851 


3.2.5. 1  TSS1  Temper. — Typical  tensile  stress- 
strain,  compressive  stress-strain  and  com¬ 
pressive  tangent  modulus  curves  are  presented 
in  Figures  3.2..5.1.6(a)  and  (b).  Elevated  tem¬ 
perature  tensile  properties  of  2124-T851  are 
similar  to  2024-T851.  Use  effect-of-tcm- 
perature  curves  in  Figures  3. 2. 3.4. 1  (a)  and  (b). 
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3.2.6  2219  ALLOY 

3. 2. 6.0  Comments  and  Properties. — 2219  is  an 
Al-Cu  alloy  available  in  a  wide  variety  of  product 
forms.  Refer  to  Section  3. 1.2.3  for  comments 
regarding  the  resistance  of  the  alloy  to  stress-cor¬ 
rosion  cracking,  and  to  Section  3. 1.3.4  for  com¬ 
ments  regarding  the  weldability  of  the  alloy.  It 
has  been  used  in  critical  cryogenic  applications  as 
well  as  those  in  which  high  strength  and  creep 
resistance  at  relatively  high  temperatures 
(400-600  F)  are  required. 


Material  specifications  for  2219  are  pre¬ 
sented  in  Table  3.2.6.0(a).  Room  temperature 
mechanical  and  physical  properties  are  shown 
in  Table  3.2.6.0(b)  and  (c).  The  effect  of  tem¬ 
perature  on  thermal  expansion  is  shown  in 
Figure  3. 2. 6.0. 

TABLE  3.2.6.0(a).  Material  Specifications  for  2219 
Aluminum  Alloy 

Specification  Form 

MIL-R-8920  .  Sheet  and  plate 

AMS  4162 .  Extrusions 

The  temper  index  for  2219  is  as  follows: 


Section 

3.2.6. 1 

3.2.6.2 


Temper 

T62 

T81,  T851,  T8510,  T8511 


3.2.6. 1  T62  Temper. — Cryogenic,  room,  and 
elevated  temperature  data  for  this  temper  are 
presented  in  Figures  3.2.6.1.1(a)  and  (b). 

Typical  room-temperature  longitudinal  and 
transverse  tensile  and  compressive  stress- 
strain,  compressive  tangent-modulus,  and  full- 
range  tensile  stress-strain  curves  for  2219 
aluminum  alloy  sheet  and  plate  for  this  temper 
are  shown  in  Figures  3.2.6.1.6(a)  and  (b). 

3. 2. 6. 2  T81,  T851  Temper. — Cryogenic, 
room,  and  elevated-temperature  data  for  these 
tempers  are  presented  in  Figures  3.2.6.2.1(a) 
and  (b). 

Typical  room -temperature  longitudinal  and 
transverse  tensile  and  compressive  stress- 
strain,  compressive  tangent-modulus,  and  full- 
range  tensile  stress-strain  curves  for  2219 
aluminum  alloy  sheet  and  plate  for  this  condi¬ 
tion  are  shown  in  Figures  3.2.6.2.6(a)  and  (b). 

3.2.6.3  T87  Temper. — Cryogenic,  room,  and 
elevated-temperature  data  for  this  temper  are 
presented  in  Figures  3.2.6.3.1(a)  and  (b). 

Typical  room-temperature  longitudinal  and 
transverse  tensile  and  compressive  stress- 
strain,  compressive  tangent-modulus,  and  full- 
range  tensile  stress-strain  curves  for  2219 
aluminum  alloy  sheet  and  plate  for  this  temper 
are  shown  in  Figures  3.2.6.3.6(a)  and  (b). 
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TABLE  3.2.6.0(C).  CFS1GN  MECHANIC* L  AnO  PHYSICAL  PROPERTIES  GF 
2219  ALUMINUM  ALLOY  (EXTRUDED  SHAPE) 


SPECIFICATION . 

AMS  4162 

FORM . 

EXT  RULED  SHAPE 

CONDITION . . 

T351Q, 

T3511 

THICKNESS i  MM . 

1 

12.  68- 

<12.67  1 

76.17 

BASIS . 

s  i 

1  s 

mechanical  properties: 

FTU,  MPAS 

. . . . 

400 

4  00 

LT . . . 

386 

366 

ST . . . 

•  •  • 

•  •  • 

FTY .  MPA : 

L . .  . . 

290  ' 

290 

LT . 

2  69 

269 

ST. . 

•  *  • 

•  •  • 

FCY  ,  MPA  J 

296 

290 

LT . 

296 

203 

ST . 

•  •  • 

•  •  • 

FSU,a  MPA . 

223 

226 

FBRU,  KP A : 

(E/Q=  1.5) . . 

600 

550 

(|Y0=2.0) . 

779 

736 

FBRY,  MPA! 

(E/G=l . 5) . 

476 

4  62 

(E/0=  2.0) . 

5  7  v 

565 

EL,  percent: 

. . 

6 

6 

LT . 

4 

4 

ST . 

•  •  • 

•  •  • 

E,  GPA . 

72. 

.4 

EC,  GPA ....  . . 

74. 

.5 

G,  GPA . 

2  7, 

.6 

MU . 

0.33 

PHYSICAL  PROPERTIES: 

OMEGA,  KG/M3 . 

2. 

.02 

C,  J/  (G*K> . .  .... 

0. 

,96  (AT  373  K) 

K,  H/(M*K> . 

126  (AT  298  K) 

ALPHA,  10-6  H/(H*K).. 

SEE  FIGURE  3. 2. 6.0 

a  - -  » - •  •  •  • 

BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4.7. 1. 
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FiGl'RE  3. 2.6.0.  Effect  of  temperature  cn  the  physical 
properties  of  2219  aluminum  alloy. 
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FIGURE  3.2.6.1.1(b).  Effect  of  tempera  Cure  on  the  tenr.lle  yield  strongtl 
2219-T62  alumlnu.ii  alloy  (bare  and  clad  sheet  and  pi 
1.016-25.6  mm  thick). 
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FIGURE  3.2.6.1.6(a).  Typical  tensile  stress-strain  and  compressive  stress 

strain  and  tangent-modulus  curves  for  2219-T62  alum¬ 
inum  alloy  (sheet  and  plate)  at  room  temperature. 
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FIGURE  3.2.6.1.6(b).  Typical  tensile  stress-strain  curve  (full  range)  for  2219-T62 

aluminum  alloy  (sheet  and  -...ate)  at  room  temperature. 
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Temperature,  K 

FIGURE  3.2.6.2.1(b).  Effect  of  temperature  on  the  tensile  yield  strength  (Fty)  of  2219-T81 
and  T85I  aluminum  alloy  (bare  and  clad  sheet  and  plate). 


Stress 


IBBBflBBBBBBBBflBBBBflBBBBflflBBBfllM 


bbbbbbbbbb uuwZ* 
bbbbbbbbbb*bbk*H 

■sBBaBBBBaflB^aBBBB 


BB BBBBBBBBBB BBBBBBBBI 
■■■■■■■■■■■■■■■■■■■■I 
!Hllllillllllllllllll 


1— 

B*bkbbbbbbbbbb  bbbbbbbbbb  SbbbbbbbbS 

lHk;^aaa«!!aa*aBBiaBaaaaaaHBaBBBaraaaaaiaw-r=aaBaaaaaaaaaaBaSa 
■■■■MMMllMHHHMHMtaiMnillBIBBailBiail 

BiaaBBBBaBaaBaBBBBBBBia 


aa^a»rai^aBaaBBBBBBBBBBBBBBBBBBaaa.iar— — «a: 
BBB^Bh^VSaBBBBBBBBBBBBflflBflBBBB - 
Baaflac^at;rl*iaBBBBBBaBflBBBflar^a*,^«aaBBBfl: 


■BBflBBBBBBBBBBBBBflBB*^’^>'Uaab^!'aaflaBflBaBBBBaBBflBBBaBBBBBflBBMl 

BBBBaaaBaBBBBgBBMBgiB'^UBM^raaBa^BBBBBBBBaBBBBBBBaBBBBaBBBBl 


o  JuU 
CL 

2 


iifiiiiiiiiiiiiiiiiir/.flaaBBflflBBBflk>ak«aflaflfliBBflaflBBaaaaamBi 
aBBBBBBBBBaBBaBBBBB^aBBBBBBBBBBBBBkaklBBBBBiflBflBBBBBBBBflBBBBB 
■BBBBBBflBaaaBBBBBar  >4BBBBBBBBBBBflflaflWA  BBBBBBBBBBBBBBBBBBBBBBa 
’BBBBBBBBBBflflBBBBBr^BBBBBBBBBflBBBflBBBk'flflBBBBBBflflBBBBBBBBBBBBB 
^jgMjSaBBBBBBBBBBB^BBBBBBBBflBBaBBBBBBI  BBBBBBBBBBBBB BBBBBBBBBB 


BBBBBBBBBB BBBBgF 4BBBBBBBBBBBBBBBBBBBB BflBBBBBBBBBBBflBBBBBBB 
BBBflBBBBBBBBBai'  .BBBBBBBBBBflBBBBBBBBBB IBB  BBBBB  BBBBB  BBBBBBBBI 
BBBBBBBBBB BBBBr JBPBBBBBBflflBBBBflBBBBBB IBB  BBBBBBBBBB  BBBBBBBBI 
BBBBBBBBBB  BBBB  J BBBBB  BBBBBBBBBB  BBBBBBB 
■■aaaBaaaBflaa  iBBBBBBBBBBaaBaaBPBBBBBB  bb^^^h 


BB  BBBBBBBBBB  I 


BBBBBBBBBB  BB^iBBBBBBBBBBBBBBBBB  BBBBBBB  BB§ 

T  AMt  IBBBI  ■■  IBBB 

|j  jj  s  || 

■  BBB  II  IS  ■ 

'■BBBBBBf  BBBBBBBBBBBBBBBBBBB&BB  BB  B  BBBB  BB! 

■BBBBBB  4BB BBB BBBBBBB BBBBBBBBBB BBBBBBB ■■ 

BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBB 
BBBBBrBgBBBBBBBBflBBBBBBBBBBBaBBBBBBBB 

BBflIViBiflflBIBflBBflBflflBBBBIIflIBIBIflBBflSHHHMHHHHHi 
BBBBBBBBBBBBBBBBBBBggBBBBBBBBBBBBBBBBBBBBiBBfe^aUfiniSiaBBiBii 
■BBr.BBBBBBBflflBBBBBBBBflBBBBBflBfl  BBBBBBB  BBB  BBBBBBBBBB  BBBBBBBBBB 

■■■  mmmmmmmmmmmmmmmmmmmmmmm 

BB'iBBBBSBBBBBBBBBBBBI  IBBBI  IBBBBBBBI  B 

S^HHgBBBBBBBBBBBBBBBBBBflBflBBflBflBBBBB  &!■■■■■■■■■■ 
^H^HBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBB ■BBBBgBBBBBBBBBBBBBBBBBi 
.  iBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBB BBBBBBBBBBBBB BBBBBBBBBB  I 


BBBBBBBBI 


Strain,  0.001  m/m 

Compressive  Tangent  Modulus,  GPa  (x  10) 

FIGURE  3.2.6.2.6(a).  Typical  tensile  stress-strain  and  compressive  stress- 

strain  and  tangent-modulus  curves  for  2219-T81  and 
Tbi>l  aluminum  alloy  (sheet  and  plate)  at  room 
temperature. 
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FIGURE  3.2.6.2.6(b), 


Stroin,  m/m 

Typical  tensile  stress-strain  curves  (full-range)  for 
2219-T81  and  T851  aluminum  alloy  (sheet  and  plate)  at  room 
temperature. 
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FIGURE  3.2.6. 3.1(a) .  Effoct  of  temperature  on  the  ultimate  tensile  strength  (FC|| 
of  2219-787  aluminum  alloy  (hare  and  cicid  sheet  and  plate). 
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FIGURE  3.2.6.3.6(a).  Typical  tensile  stress-strain  and  compressive  stress 

strain  and  tangent-modulus  curves  for  2219-T87  alumi 
num  alley  (sheet  and  plate)  at  room  temperature. 
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3.2.7  2618  ALLOY 


3. 2.7.0  Continents  and  Properties. — 2618  is  an 
Al-Cu  alio)  which  has  been  used  principal I>  fur 
hand  and  die  forgings.  It  has  excellent  properties 
user  a  range  ol  temperatures  from  4  to  589  K 
and  is  usually  used  in  applications  where  h:gh 
strength  and  creep  resistance  are  important  con¬ 
siderations.  Refer  to  Section  3. 1.3.4  for  com¬ 
ments  regarding  the  weldability  of  the  alloy. 

Material  specifications  for  2618  aluminum 
alloy  are  presented  in  Table  3.2.7.0(a).  Room- 
temperature  mechanical  and  physical  properties 
are  shown  in  Table  3.2.7.0(b)  and  (c).  The  effect 
of  temperature  on  u  is  shown  in  Figure  3. 2. 7.0. 


Tabu-.  3.2.7.0(a).  Material  Specifications  for  261 S 


Aluminum 

Alloy 

Specification 

Type  ol  Product 

OO-A-367  . 

Hand  forgings 

MIL-A-2277 1  . 

Die  forgings 

The  temper  index  for  2618  is  as  follows: 


Section  Temper 

3.2.7.!  T61 

3.2.7. 1  T6I  Temper. — Figures  3.2.7.1.1(a) 
through  3. 2. 7. 1.5  present  effect-of-tcmperature 
curves  for  various  mechanical  properties. 

Figure  3.2.7.1.6(a)  presents  tensile  and  com¬ 
pressive  stress-strain  curves  at  room  temperature. 
Figure  3.2.7.1.6(b)  is  a  full-range,  tensile  stress- 
strain  curve  at  room  temperature. 


FIGURE  3. 2. 7.0.  Effect  of  temperature  on  the  physical 
properties  of  2618  aluminum  alloy. 
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TA3LE  3.2. 7.0 (3) 


SPECIFICATION. 

•  •  • 

CONDITION, 
THICKNESS 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
261b  ALUMINUM  ALLOY  (DIE  FORGING  ) 


HIl-A-22  771 


DIE  FORGING 


T61 _ 


<  101.60 


MECHANICAL  PROPERTIES: 
FTU,  MPA « 


F8RU,  MPAl 
(E  7D=  1.  5) 
<E/D=2.0) 
FURY.  MPA: 

(E /D= 1.5) 
<E/0=  2.0) 
EL,  PERCENT: 

L . 

T . 

E,  GP A . 

EC,  GPa . 

G,  GPA . 


PHYSICAL  PROPERTIES: 

OMEGA,  MG/M3 . . 

C,  J/(G*K) . 

K,  H/(H*K) . 

ALPHA,  10-6  M/(M*K).. 


2.77 

0.96 

156 

22.1 


(AT  373  K) 

(AT  298  K) 

(293  to  373  K) 


FOR  DIE  FORGINGS,  T  INCICATES  ANY  GF.AIN  DIRECT  ICH  NOT  WIThIN  i  15  DEGREES  ( 
BEING  PARALLEL  TO  THE  FORGING  FLOW  LINES.  SPECIMENS  TO  TEST  TRANSVERSE 
PROPERTIES  ShOULO  BE  LOCATED  Ah  CLOSE  TO  THE  SHORT  TRANSVERSE  OIRECTION 
AS  POSSI-3LE, 

THE  THICKNESS  COLUMNS  ARE  FOR  THE  AS-HEAT-TKEATEO  THICKNESS.  TO  ENTER  THE 
TABLE  USE  THE  HIGHER  OF  THE  HEAT-TREAT  THICKNESS  OR  CNE-HAlF  OF  THE 
AS-FORGED  THICKNESS.  • 
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TABLE  3.2. 7.0  <o) 


design  mechanical  ano  physical  properties  of 

261b  ALUMINUM  AlLOY  (HANO  FORGING) 


SPECIFICATION . 

QO-A-367 

FORM . 

HANO  FORGING 

CONDITION . 

T  61 

THICKNESS?  MM . 

50.82- 

76.22-  I 

<50.81 

76.21 

101.60 

BASIS . 

S 

S 

C 

MECHANICAL  PROPERTIES) 

FTU,  mpa: 

L.  . . . 

4  00 

393 

366 

LT . 

379 

379 

365 

ST . 

359 

359 

352 

FT Y ,  MPA  S 

L . 

324 

317 

310 

LT . 

290 

290 

276 

ST . 

290 

290 

26S 

FCY ,  mpa: 

. . 

•  •  • 

338 

331 

LT . 

•  •  • 

310 

290 

ST . 

•  •  • 

•  •  • 

•  •  • 

FSU,  MPA . 

•  •  • 

234 

226 

FBRU,  MPA: 

(E/0= 1.5) . 

•  •  • 

«  •« 

•  •  • 

(E/0=2. 0) . 

•  •  • 

745 

717 

FBRY,  MPAS 

(E/0= 1.5) . 

•  •  • 

•  •  • 

•  •  • 

(E/0=  2.0) . 

•  •  • 

517 

490 

EL,  PERCENT: 

. . 

7 

7 

7 

LT . 

5 

5 

ST . 

4 

4 

4 

E,  GP A . 

73.8 

EC,  GPA . 

75.2 

G,  GPA . 

26.3 

MU . 

0.33 

PHYSICAL  PROPERTIES: 

OMEGA,  MG/M3 . 

2.  77 

C,  . . 

0.96  (AT  373  K) 

K,  W/  'M*K) . 

156  (AT  298  K) 

ALPHA,  1 0~6  M/(M»K).. 

22.1  (293  TO 

373  K) 

WHEN  HANC  FORGINGS  ARE  MACHINED  BEFORE  HEAT  TREATMENT,  THE  SECTION  1  HICKNESS 
AT  TIME  OF  HEAT  TREATMENT  SHALL  DETERMINE  THE  MINIHUM  MECHANICAL  FROPt«TIES 
AS  LONG  AS  THE  ORIGINAL  (AS-FORGED)  THICKNESS  DOES  NOT  EXCEED  THE 


MAXIMUM  THICKNESS  FOR  TmE  ALLOY  AS  SHOWN  IN  THE  TA6lE.  THE  MAXIMUM  CROSS- 
SECTIONAL  AREA  OF  HANG  FORGINGS  IS  9 , 290. 3S0. CM. 
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FIGURE  3.2.7.1.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F  )  of  2618-T61  aluminum  alloy  (hand-forged  billet) 
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FIGURE  3.2.7.1.2(a).  Effect  of  temperature  on  the  compressive  yield 

strength  (F  )  of  2618-T61  aluminum  alloy 
(hand-forge§- billet)  . 


FIGURE  3.2.7.1.2(b).  Effect  of  temperature  on  the  ultimate  shear  strength 

(F  )  of  2618-T61  aluminum  alloy  (hand-forged  billet) 
su 


3-165 


[■StMiMaBaHBMT^r^TiSSpSSiBaailSStBiBBaBSKalsHuMSRSSaBiBSiiaHiiMaaiSBMimiSn 

|amiaaiuaaiiiiiBiaa.»rc«BB*R««auiBaiaaRHRsaRaal>iR»iBB*Biia«Biiaa9BtMiiHraBi| 

MMHMMHaMMMMMgMMHHMMHMaaMMMMMMMMMI  ■  8  8  HMMMMH 


0) 

k- 

o  80 


Bans  aaiaaaiaaaMaiRRBRi.raiBaiaia 


iRBaaaaaaaMaBSBaiaaaMiai  ill 
aaiaaaaaaanaaBRBasaRRRBi  Mf, 
BaBBaaaaaaaajaaaaaRainai  Ul 


«RBaaBaaRsaBaRRaRBBaBaaBaBBaaa| 
IB8RBBRBBI I8BB8BBBB8 ■■■■■BBBBBfl 


Strength  c;t  temperature 
Exposure  up  to  \  hr 


o  40 

3 


■BBR*B88aafiaaBaiSBRBBBBaBBRiBafc^aBa| 

m BaaiKBaaBaaRRiaaaaa ■■■■■■*■■■ a a] 

RiiuiiiiMiiiiiuiiiiuim^^H 

laaiiiiiiiaisiiiiiii  miiinH 

■  ■■mam  ■■■■■■■■■■  ■■■■■■■■■■■■■■«■■  ■■ 

■■aiaaaiaiaaBiBBaaaaaBiBBaaaaaaiaaaaaaal 
■BBaaaaaaaaiaiBBaaBBaaaaaRBaaaaaaBaBiaa 

■■■■■■■■■■ ■■■81R8B88  8BBBB8B8B8 B IBB IBB 81 1 
■■■■■■■■■l  ■■■■! BIBBl  ■■■■■8B8B8  aa  ■£  Rjfiaa] 

BBBBB  BBBRl  BBBBBlBBaBBBBBIBBIBB  Bl  BBBBBBB  W-.- — _ _ _ _ 

'SBiiiiiiiiiaiuaniaaaBaiBiiMiiniBiaaMHHVVNPMPMP^MMPMRaiMM 

BBBBIBBBBI 1111188811 IBBBBBBB IB  11881 BIBBl 1118111888 BBR BBBBBBB llBBB  B8B88 18 ■■■ ■■■■■ 

■  BBlIRBBaBBBBBBBIBBB BBBBB  B BIBB  BIB ■ I BIBBl BBBflaBBBBIIBaBBBBBBa I8BBB  BRBBI BB8BB  BBBBB 
8111111881  ■  ■■■■laaBBIIllBIBBBIBBUBBJ  Rllia  !■■■■■■■■■■■■■■■■■■■  aBBBBBBBIBIlIBBRBBB 
888858888818188818888^588888888888888888 188888888818881888111888888881118888888 
8888888888888888888888888188888888188888888888888888888888818888888888888888888 
■■81118888 81888818888888888888  R 8888 8888 8  888888888888888888888888888888118888888 
8888188888888888188888888888888888888588888888888888888888818888118888888888888 
8888888818 8818888888 8888888888 8888888888 8888888888 8888888888 8888888888 888888888 
'■BB88B8B88  88888 88888  88888 88888  8888888888  888888988888888888888888888888888888888 
•88888888888888188881888888888  R 888118888888888888818888 88888  8188818888 88888 8888 
■81 81 88818  88888 888888818881888  8888188888 88RB8RR8 88 18888888888888888888118818888 

■  BBS 8 BBBBB  8 BIBB BBB88  BBBBBBB 88 8  R8RR888RB8  8BBBaBRBBa  B88B8  BRB88  BBBBBBIB  88 88BBBBBBB 
■BBBtBBBBBBBBBIBIRBB BBBBB BBBBB BIBBa BIBBl ■■■■■■■■■■ BBBBB ■■■■■ aSBBaa ■ BBS 88BB8 ■■■■ 
■■■BBBBBBB BBBBB BBBBB  888818881 1 88888  88888  ■■■■■■■■■■ BBBBB88B8 8  BBBBBBB BBS 88888 BB 88 

■  ■■88I8R88  8RB88R8R8R (■■■RIBIIR R88B8 Rl RBI 8RR B8BB8B R  B8RB8RB8R8 I8B888BBB8  BBBBB BRRB 
■BBBfllRRIlRIBIRlIRBiBRBR BB&IR 88RR8 RB8R8 BRB88 IR8RB ■88BRR8RRR I888BR88R8 18BB8RRB8 
■8BBBBR8RB  88888  81888 BRRBRRR88B  RB88BR8RBB ■■RRB88BB8 BB8B8RBB8B BBBBB RB8B8 BBBBB R8B8 
■■■■ ■■■■■■■■■ ■■■■■■ 8  B8 8 BBBBBBB  B8BB8 BBBBB BBBBB BBBBB IB88B8B88B BBBBB BB8B8  BBBBB 88 B8 

■  ■■■RB8B88R8BBB8B88B  R88B8B8B88 RB8bEbB88RBR88RRR88B ■B88BB88flBBBB88B888888888B888 
■■■BllRRI8BRRB8BI8RailRlRBR8BBRRRU88RRBIR8BlllRRRIRRBRBHiaiBIBlllBB8IRBR8RR8B 
■■■B888aRa8BBBaRlBBR8BBBBBBBBBR8BS888B8BBRBBBBBBBSIBBBBBBB8l8BBBB8BB8B88BBBBB8 
■888888818  8B88BRB8R8  88888 ■■ 8 RB RBR 8 8888B8 BBBBBBRBBB IBBBBRBBR8  88BBBRBBB8 18888 RRRB 

■  BBS I IBB 8 8  8B8BBB88R8 1888881888  R8 RB 8 88 BIB 88 BB 8 88888 18 R8B BBBBB 88B BBBBB 88 BBBBB 8888 
■■■■■■■■888B188 88888 BBBB8BR8BR 18RRR88M8 ■■■B88R8BB ■■BB8RRRB8 88BBRR8B88 IBBRBBRBB 

■  B8BB1B88B BBBBB B8BB8  BB8BB  BBBBB B BB 1 8 BIB B B  BB ■■■■■■■■ BBB88B888B  8B8888888B  BB8888888 
8RRRII8R8I III 8881811 ■■R88RRRRRI88R8RI8R8  8R888RIBRI I88BB88B8 I ■■■■■■■■81 ■■■■■■■■■ 
■■88188888 88888 81888 BRR8BB88RR R888R R88 88 88 R88 BRB8I 1B8BR ■■■■ 1B8B8I 888R1 18BR8RR8B 
ISSK811BB8BBB8B88IBB8  88 8881 BIBB  ■■ B88 ■■■■■■■■■ 8 8BBBB  IBBBaBBBBl  1BBBB8BBB1 18  88  8  8B  8  8 


300  350  400  450  500  550  600  650  700 

Temperature,  K 

FIGURE  3.2.7.1.3(a).  Effect  of  temperature  on  the  ultimate  bearing  strength 

(F.  u)  of  2618- T61  aluminum  alloy  (hand-forged  billet) . 


8  20 


^'■B ■■■■■• ■■■■8R8881 88B88  888B8 88881 ■■■■■ 18881 88 888 •■■■■■■■■I •■■■■■■RBI  88888 ■■■■! ■ 

■88»r*>8888  RB8888RR88  8R88RBR8BR  88B 81 R8BB81BBR8 88888 BBB88B8B8I ■■■B8R8B88 18888 ■■ Bill 

■  BR8R8R8888  ■■■■■■■■■■  8  8881BI888  ■■■■  1 88BB8 188  88  ■■■  81  ■■■■■■■■■■  88  ■■■■■■■■■ 

■  8BB81BBB8  8te»7**BBBB ■■■■■■■■■■■■■■■■B8BB ■■ 8 BBBBBBB ■B888B8B8I I ■■■■■■■■■ IB8BBB8BBB I 

■  ■■■■■■■■8  8BB88R»*^.~  *M888B8II  88BR8 Rl R88  88BBI IR B88 18BB8 88BR1 IBBR8 8BB ■  1 81BB RBBB88 1 

■  8881 88R 8 1  888 BBBBBBB  IBa^F '•Bl  ■■  ■■■■!  ■■■■■■■B8I18BB 1 1  ■■■  8  B8BB1 IBB88  ■■■■■  IBB  ■■  ■■■■■  I 

■  ■■88  88888  BB8BBB8B88 8BB8  ■■*..'*■  BIBB  !■■■■■  8  BBB1 BSB88 I8BB8RBBBI IBB88BBBBI I ■■■■■■■■■■ 
■■■llliaiBBaiBaBI8IIIB8BII8ia^l88a)||M||||«MBIBBIBI88llRn8BBIlBlimi88Bll| 

■  ■■8818818  a88B8R888aRBB8B8BB8BB.BBIBVV751KT2%8ll8B2BB8BI88RR8B88B18aBBBB8B88 1 

■■■81888B8BB8B8B888BBBBBBR8888R8B8  'aiMVMViVVMllB  I8KIR ■■■■■■■  B8B 8BB81  BIB8l8BBB8| 
BB8818BR8B  B888888888  88BBBB88BB  BB8B 8. '8881 IBB ■■ BBBBB ■■■■■8B8BS ■■■■■■■■81 R8B888B888 1 
■■■■■!■■■■ ■■■■■■■■■■■■■■■■■■■■ ■■■■■■■■■■■■■■■■■■■■■■8VB888B88«88jB88BI ■■■■■■■■■■ I 

■  8R88  88RB8 ■  ■88888B8B  8 ■■■■■■■■■ 88BB8B8BB8  BIBBl 88 ■■■ IRBB 8 ■BBB1B8BB8 8 Bill ■■■■■■■■■■■ 

■  R8B888R88  88888R88R8  8B88R88888 88BB8 8888 T  8888118888 18R88 8 8881 11 8BB BBBBB BBBBB BB^^^B 
■8888 18888 8888888888 88888B8B88 imillilfaWBRBflBiiVHBBMinBpBlllM^M 

■  8  B  8 1 1 8  8  8 1  8 8 1 8 8  8  8 1 8  8  8  B  B 8 8 8 B 8  8  8  B  8  B  ■  1  ■  8  27lTiUI  f  |Wt|  ■  rETllTlT^Tlil  llTl^a  ■  *a  ■  * 

■  T|BRI8BBI8niR>IIIB8lll8lll8BlllBllliKl|i2i4;UiBHiMttUiiMMUB21>B888*8| 

■  BaBaiiKBiiRmiiaiiimiiiaRiiiiiinai^H^^^^^BI^^^HBiBiiiiil 

■  MiiiRiiiiii8iiiiiiiBinRiiB8aiBiiiiS3piHI^HBVWUBV^B»uaBi8| 

■  ■8m8>88l818l»»8»HR8l888888188818lJgilUKl!l^Mgj!Mi!fcMlI^M — HI - 1 

■  ■■B88SR8B  88888  88B88  88888  88B8888888B89OTVSOTSSOTVmMHHMHHHHm8888888B  I 
■8881 888888 B888 8 8888 1 8888  ■■■  88  888B8  88B81 88888  ■■■■  8  •■■■■■■■■■  8888888881 888B8BB8B8R 

■  ■■■888BB8B8BB8 ■■■■■■■■■ ■■■■■■ ■■■■■■■■■■ 88BB ■■■■■■ ■■■■■■■■■8 8BBRBBBB8B  BBSB8 ■■■■■! 
■■■■88BR88 ■■■■■■■■BB 1B8BB8B888 ■■■■■■■■■■ ■■■88BBB8B ■■■■■■■■■■ BBBBB ■■■■• 888BRR8BBB I 
■8881 188888 88 1888 R88 ■■■■■■■■■B ■■■■1B8B88  8RBB88R8B1 IBBB8RRBRI 188  R8RB8 8 8  BBBBB ■■■■■■ 

■  ■■■818885 BB8BB B8B8B5bB8R BBBBB ■■■■■5lBB8  8 ■■■■■■ BBRJBBBBBBBM  8BB888B881 B8BB8  8888B| 

■  BB8888888  BB1B8 88881 18 ■■■■■■■■ ■8BBB8BBB8 llBBB 88BB818BBB BBBBB  BBBBB ■■■■■ B8B88 ■■■■■! 

■  8  881 18881 IB888  88888 18  88 1 818  88  II  BBS  IIRbS  1R88B88888 18888  88881  BIBB  18  Bill  1 1BB88  8B88B 
■B8B118888 1B888B8888 ■■■8R8B88B  88B8888881 R88B88R88B ■■■■■■■■81 ■■■■■■ ■■■BIBB BBBBBBB 
^•■■■■88B88  BBBBB BBBBB ■■■■■■■■■■ BB8B8B8881B8BB8 181B8 IBBBR  B88BI ■■■■■■■■■ 1 !■■■■ ■■■■■ 

■8BB818BBB8B8B8B88888BBB58B888B8BBBBBBB85BBBB8BBBB !■■■■■■■■■ BBBBBB8BBB8BB8B8B8BV 
■888118881 B888a888RR8B8IBB88R88aRR8R88R8R88B81B8B81RB8888B81l88B8888fiiBB8B8R8BB« 

■  IIBIIIIIl 1B8888881B 188X8  888RR  R1R8IBBRB1 RIRII18RRI BR8R8BRRBB IB8R8RR881 88 88 8 RR BIB 
■888888RRB ■■■■■ 88888 188  88  8 888 8 ■■■■■R88B8 1BBR8BBBB8 IR88B8R88B 18BB8BBB81 !■■ ■■■■■■■ 
RI88B88B8B8  BBBBB BBBBB IBB BBBBBBB ■■■■■■■■■■ 8 8 88 1 881 ■■ •■■■■■■■■! 18VB8 ■■■■■■■■■■■■■■■ 
■■■■imirI ■■■■«■■■■■ *■■■■■■■■■ ■■■«■■■■■■ ■■■■■■■■■■ «■■■■■■■■■ ■■■■■■■■■■ ■■■■■■■■■■ 

■  ■■■1 1881888188 81888 88881 88888 18881 88888 18881 188 8 1 18888 1 88 8 1 ■■■■■■Bill 888R8R8R8B 

■  8BBB88BB8 IBRB8BBB81 88B8818888  8BBB8 88888 888B888BB8  t88B8B8B8l ■■■■■■■■■■BBBRBBBBBM 
■888888881 I^^BRRIRRI 1888888888  88888 88888 R8B8I188BB 188888 B88I 88888BBB888888BRB8BB 
■■  888 18888  RH^B-888888 IBB8RI8888 1888I888B8 8RBBBR8BBB ■■■■■■■■81 ■■■■■■■■■■ ■■■■■■■■■■ 

1  ■■■■■88888  8^Sh8888B8888888 888  88 B8888888  888 88 ■■■ 88 1 ■■■■■■■ 88 ■■■■■■■■■■ •■■■■■■■■■ 

■888118 188 ■■■ 8 111 8 IB ■■■BR18888 88 88888 8 IS imilBBRl  !■■■■■■  BBltBBBIRRBRI 8188 I 8818a 

■  BB818BRB8 1888 8 BIB 88BRB8 8  8888 8 ■■■■■■■■■■ 88 ■■■■■■■B IIBBIIBIB* 8BBR8RRRBI ■R8888B88V 
•■■■■!■•■ 8 ■■■■■■■■■■ BBBBB8B8BR ■8BB8B1BB1 18BB88BBB8  >■■■■■■■■■ ■■■■■■■■■■ ■■■■■■■■■■ 

I  ■■■■■!■ BBS ■■■■■ 88 ■■■■■■■■■■■■■■■■■BB1BB1 ■■■■■8RBV8 !■■■■■■■■■ ■■■■■■■■■I ■■■■■■■■■■ 


300  350  400  450  500  550  600  650  700 

Temperature,  K 

FIGURE  3.2.7.1.3(b).  Effect  of  temperature  or.  the  bearing  yield  strength 
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JRE  3. 2. 7. 1.4.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  Ec)  of  2618-T61 
aluminum  alloy  (hand-forged  billet). 
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FIGURE  3. 2. 7. 1.5.  Effect  cf  temperature  on  the  elongation  (e) 
of  2618-T61  aluminum  alloy  (hand- forged 
billet) . 
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FIGURE  3.2.7.1.6(a).  Typical  tensile  stress-strain  and  compressive  stress 

strain  and  tangent-modulus  curves  for  2618-T61  alloy 
(forged  bar)  at  room  temperature. 
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FIGURE  3. 2. 7. i. 6(b). 


Strain,  m/m 

Typical  tensile  stress-strain  curve  (full  range)  at  room 
temperature  for  2618-T61  aluminum  alloy  (forged  bar). 
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3.3  3000  Series  Wrought  Alloys  The  temper  index  for  5052  is  as  follows: 


3.4  4000  Scries  Wrought  Alloys 

3.5  5000  Series  Wrought  Alloys 

Alloys  of  the  5000  series  contain  magnesium  as 
the  principal  alloying  element  and  are 
strengthened  by  cold  work.  Because  of  their  high 
toughness  at  temperatures  down  to  4  K,  they 
are  widely  used  in  cryogenic  applications.  Strain- 
hardened  tempers  of  5000  series  alloys  containing 
more  than  3  percent  magnesium  should  not  be 
used  at  temperatures  above 373  K  because  suscep¬ 
tibility  to  stress-corrosion  cracking  may  result. 

3.5.1  5052  ALLOY 

3. 5. 1.0  Comments  and  Properties.  —  5052  is  a 
low-strength  Al-Mg  alloy  but  extremely  tough  at 
low  temperatures  as  well  as  at  room  temperature. 
It  is  highly  resistant  to  corrosion;  refer  to  Section 
3. 1.2.3  for  comments  regarding  the  resistance  of 
the  alloy  to  stress-corrosion  cracking,  refer  to 
Section  3. 1.3.4  for  comments  regarding  the 
weldability  of  the  alloy. 

A  material  specification  for  5052  aluminum 
alloy  is  presented  in  Table  3.5.1.0(a).  Room-tem¬ 
perature  mechanical  and  physical  properties  are 
shown  in  Tables  3.5.1.0(b)  and  (c).  The  effect  of 
temperature  on  physical  properties  is  shown  in 
Figure  3. 5. 1.0. 


Section 

Temper 

3.5.1. 1 

0 

3.5.1.2 

H32 

3.5. 1.3 

H34 

3.5.1.4 

H36 

3.5.1.5 

H38 

3. 5. 1.1  O  Temper. — Effect  of  temperature 
curves  for  this  temper  for  various  mechanical 
properties  are  presented  in  Figures  3.5.1.1.1(a) 
through  3. 5. 1.1. 5. 

3.5. 1.2  H32  Temper. — Figure  3. 5. 1.1. 4  may  be 
used  for  the  effect  of  temperature  curve  for 
modulus  of  elasticity  for  this  temper. 

3.5.1. 3  H34  Temper. — Effect  of  temperature 
curves  for  this  temper  for  various  mechanical 
properties  are  presented  in  Figures  3.5.1.3.1(a) 
through  3.5.1.3.5(b).  Use  Figure  3.5. 1.1. 4  for 
modulus  values. 

3. 5. 1.4  H36  Temper. — Figure  3.5. 1.1. 4  may  be 
used  for  the  effect  of  temperature  curve  for 
modulus  of  elasticity  for  this  temper. 

3.5. 1.5  H38  Temper.— Effect  of  temperature 
curves  for  this  temper  for  various  mechanical 
properties  are  presented  in  Figures  3.5.1.5.1(a) 
through  3.5.1.5.5(b).  Use  Figure  3.5. 1.1. 4  for 
modulus  values. 


TABLE  3.5.1.0(a).  Material  Specification  for  5052 
Aluminum  Alloy 


Specification 

Form 

QO-A-250/8  . 

Sheet  and  plate 

preceding  page  blank-hot  filmed 
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(Page  3-188  Blank) 


FIGURE  3.5.1.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F  )  of  5052-0  aluminum  alloy 
(all  produces) . 
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FIGURE  3.5.1.1.1(b).  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  5052-0  aluminum  alloy 
(all  product^). 
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FIGURE  3. 5. 1.1. 5.  Effect  of  temperature  on  the  elongation  of  5052-0 
aluminum  alloy  (all  products) . 
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FIGURE  3.5.1.3.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F  )  of  5052-H34  aluminum  alloy . 
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FIGURE  3.5.1.3.1(c).  Effect  of  exposure  at  elevated  temperatures  on  the 

room- temperature  ultimate  tensile  strength  (F  ) 
of  5052-H34  aluminum  alloy. 
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FIGURE  3.5.1.3.1(d).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  tensile  yield  strength  (F  )  of 
5052-H34  aluminum  alloy. 
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FIGURE  3.5.1.3.5(a).  Effect  of  temperature  on  the  elongation  of  5052-H34 

aluminum  alloy  (all  products  except  thick  extrusions). 
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FIGURE  3.5.1.3.5(b).  Effect  of  exposure  at  elevated  temperatures  on  the 

elongation  of  5052-H34  aluminum  alloy  (all  products 
except  thick  extrusions). 
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3.5.1.5.1(a).  Effect  of  temperature  on  the  ultimate  tensile  strength 
(F  )  of  5052-H38  aluminum  alloy  (all  products) . 


FIGURE  3.5.1.5.1(b). 


Effect  of  temperature  on  the  tensile  yield  strength 
(F  )  of  5052-H38  aluminum  alloy  (all  products) . 
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3.5.1.5.1(c).  Effect  of  exposure  at  elevated  temperatures  on  the 
room-temperature  ultimate  tensile  strength  (F  )  o 
5052-H38  aluminum  alloy  (all  products). 
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FIGURE  3.5.1.5.1(d).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  tensile  yield  strength  (F_  )  of 
5052-H38  aluminum  alloy  (all  products) .  l’y 


3-181 


r Percent  Elongation  (e)  «  Percent  Elongation  (e) 


MiligiiuiiainaiiiiM 
■■■■Kmillll 

. . »<i<ir<nu«iiiiui|fniiui»n 

■■■nnniniiniuinuninuiiinin'nniNniiiiimniiiiiiHiiiniiniii 

laBaiinaaiaiMiiuilaiaiiBfiitiBuiaimiiiarirJrjtiaiiaiiiitSMaaBBiianiaaaa 

iBBinaiiiiaiaiaaiiiuiiiiaiuiniamiiiiar  ai  .a a 
BBiiliBBBBaiiaaaiiuBfaaiiaiaaaaaaiaaiBBiaaaa'aa*  aiaiarf 
laiiuiiiimiiaaiiliiiunuiiiMiiuiSiiriy/fe. 
iiiiiiBiiiiaiiaaniiiiuiuanimaiiaiiiiii  juniaikr 
laiiiaafliamiaBiBiBiaMBBaiaaiiaiiBaua  iriria'aiauial 
iBBiiBiiiiuiiiiiiiii Biaiiaaaai aiaaiiBaan  n/ir..  aiaaad 

BBiiiHiaiiiaiai8iainnimiiiiiiiiiiai>i'kV4iiii»k;*§ 

■  aaiBBaiiaaBBainaai  laBaiBBaiBaaaaEaBaaa  ,r/a  jaaiaiiBaai 

{■■■■bbbbbb iiBiBiiaiiaiiaiaiiaaimiinn  i  a  . . .  . 

laiaaiBiBiaaaBaaiaBiajiiaaaBiiBiuuiiair  r 4'jai ibbb *aaaaaa»ji^aaa8aBBB^aaaaaBaa«a| 

IlBMiiaiiiiBiitB«|aaiiiKiituBiBaniaiB  4  irMHIaaiaiinaitiBiiiaiiiaaiSitaBiiiiiil 

/iliaMIII>l>a'Mia|MkiUHRuiiiaSiiB>ail 


RuumMmumniHiiminniiia^iunRnMiinimnHnnSNnmiHNl 
liiiiluuiKiiiiianiiimmHiiuiir  jimmiiiaaiaRiui2raiiiiiSiiiikaiiiHai| 
liSiaHiiiimajianMaiiikinaaimrjMUniHwinaHaaaiiaaBBiiiSMiiiiiaiial 

aaiiiiniiiiiuiBiiBiiaiiiiiiiBi'aiiaBBaaiBBil 
iiaiiiiaBflaaaiaauBiaiaiiiiiiBB'aiaiBiBniiaal 
laaimiiiiaiaiBiaai aaiaiiaaia  .aaiaaaaiaraaial 
81811  ■■■■a  ■■■■■aiali  ainiiair.  ■■■■■■■■■a  aaiaal 
■■aaaaaaal  amaaaaaa  aaiaaaar  ^aiaaaaaiBaa  aaiaal 

.  . . Min .  . . a _ _ _ _ _ 

a  ■aaaa»aBaBaaaaaBaBM»Mi,Baaa«BBata— aaaaaaaaaata  hmbmhi  ■■■■■■■■■■■■■■■  8 

iiinaiiiHianiiiiiN,ainimiauuBmuNMiiimflaiiBniiaaitBi>>ti8aiiMail 


. .  "SB 

liBKiKKiaiirKaiHiHsiKiiitKKiiSKiiKiiWKiiaiiiiiHsIttHSHSiSs;! 


300  350  400  450  500  550  600  650  700 

Temperature,  K 

).  5. 1.5. 5  (a) .  Effect  of  temperature  on  the  elongation  of  5052-H38 
aluminum  alloy  (all  products) . 


rsi.niHKssissiKi.tmSiigKusitKigtssHuKSi.tsisnm::::™ 

I  a^BBBBBBBB  aa  bb  a  a  a  a  bb  aaaaaaaaaa bbbbbbbbbbcbbbbbbbbb bbbbb bbbbb bbbbb bbbbb bbbbb bbbbb 

SffiSiKati !::::  »k:  :n::  “tt::"::  s:»sh: :::::::::: 

laaaaitfi 

ana!  Bill 

iBsaana] 

•aaaaaial 


IiBBsaaaa 

■■■attai 

>bbbibib 


iiannlaimtananinSimr  IIIEiiaiBV 

"iiiiii;iiKiK:”iS!!!5l!l^>*^,<^t,,rVaaaMa-«mm«aiaBaBaaiaMt«iaiBia 

nssu»ssnnnKSRn;H8nRfn:sM^:::::::uH^::;:;:::;;:ninin» 

iiniiaiiaimiBiiuaBnaiiaiaiiinBainaiiaaaKiaiaiiaiiftaaiaaiBiaiSBBSSSBiSia! 

iaaainaaaaaBiaaawaiia«a«aaiaaa,aa,aama,itMaaaaii!iaSaiii{aiaa{aainiiai!ai 


300  350  400  450  500  550  600  650  700 

Temperature,  K 


FIGURE  3.5.1.5.5(b).  Effect  of  exposure  at  elevated  temperatures  on  the 

elongation  of  5052-H38  aluminum  alloy  (all  products) 
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3.5.2  5083  ALLOY 


high-strength  Ai-Mg  alloy  which  has  been  widely 
used  in  cryogenic  applications,  because  of  its  ex¬ 
cellent  combine  .'on  of  strength  and  toughness.  It 
has  high  resistance  to  corrosion,  but  strain-hard¬ 
ened  tempers  should  not  be  used  at  temperature 
because  of  possible  sensitization  to  stress-corro¬ 
sion  cracking.  Refer  to  Section  3. 1.2.3  for  com¬ 
ments  regarding  the  icsistance  of  the  alloy  to 
stress-corrosion  cracking,  and  to  Section  3. 1.3.4 
for  comments  regarding  the  weldability  of  the 
alloy. 

Some  material  specifications  for  5083 
aluminum  alloy  are  presented  in  Table  3.5.2.0(a). 
Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  3.5.2.0(b)  and  (c). 

TABLE  3.5.2.0(a).  Material  Specifications  for  5GS3 
Aluminum  Alloy 

Specification _ _ Form _ 

QQ-A-250/6  .  Bare  sheet  and  plate 

QQ-A-220/4  .  Extruded  bar,  rod, 

and  shapes 


The  temper  index  for  5083  is  as  follows: 


Temper 


Section 

3.5.2. 1 

3. 5. 2.2 

3. 5. 2.3 

3.5.2.4 

3.5.2. 4 
3.5.2.6 


3  5.2.1  O  Temper. — Tensile  and  compressive 
stress-strain  curves  and  tangent  modulus  curves 
at  room  temperature  are  presented  in  Figures 
3.5  2.1.6(a)  and  (b).  A  full-range  tensile  stress- 
strain  curve  is  shown  in  Figure  3.5.2.1.6(c)  at 
room  temperature. 


TA3LE  3.5.2.0(C).  CESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
5063  aluminum  alloy  (extrusion) 


SPECIFICATION 

FORM . 

TEMPER . 

thickness,  mm 


MEChANICAI.  PROPERTIES 
FTU.  MPA  I 


FTY,  MPA  ) 


FCY .  MPA  : 

L . 

LT . 

FSU .  MPA.... 
FBRL'i  MPA  1 
(E/D=  1.5) 
(E/0=  2.0) 
F8RY «  MPA ! 
(E/D= 1. 5) 
(E/0=2. 0) 
EL.  PERCENT) 


EC.  GPA 
G.  GPA. 


PHYSICAL  PROPERTIES) 

0M6G* .  MG/M3 . 

C,  J/(G*K) . 

K,  . . 

ALPHA,  10-6  M/(H*K> 


CROSS-SECTICNAL  AREA<2,069.5  SQ.CM. 


QQ-A-20  0/4 
EXTSUSI ON 


Hill 


<12  7.0 


S 


2.66 

0.96 

(AT  373  K)  | 

116 

(AT  298  K)  1 

23.8 

(293  TO  373  K)  | 

3-185 

(Page  3-170  Blank) 


Stress,  MPa 
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F*Gl'RE  3.5.2.1.6(c).  Typical  censile  stress-strain  curve  (full  range)  for  5083-') 

aluminum  alloy  (plate)  at  room  temoerature. 


3-187 


/•  vv 


3.5.3  5086  ALLOY 

3. 5. 3.0  Comments  and  Properties. — 5086  is  a 
very  tough,  medium-strength  Ai-Mg  alloy  suit¬ 
able  for  application  over  the  range  of  tem¬ 
peratures  from  4  to  373  K.  Refer  to  Section 
3. 1.2.2  for  comments  regarding  the  resistance  of 
the  alloy  to  stress -corrosion  cracking,  and  to  Sec¬ 
tion  3. 1.3. 4  for  comments  regarding  the 
weldability  of  the  alloy. 

Some  material  specifications  for  5086 
aluminum  alloy  are  presented  in  Table  3.5.3.0(a). 
Room-temperature  mechanical  and  physical 
properties  are  shown  in  Tables  3.5.3.0(b)  and(c). 

Table  3.5.3.0(a).  Material  Specifications  For  5086 


Aluminum  Alloy 


Specification 

Form 

QQ-A-250/7  . 

Sheet  and  plate 

QQ-A-200/5  . 

Extruded  bar,  rod, 

and  shapes 

The  temper  index  for  5086  is  as  follows: 

Section 

Temper 

3.5.3. 1 

0 

3.5. 3.2 

H32 

3. 5.3.3 

H34 

3.5. 3.4 

H36 

3.5. 3. 5 

HI  12 

3.S.3.6 

Hill 

3.5. 3.7 

H38 

3.5.3. 1  0  Temper. — Tensile  and  compressive 
stress-strain  curves  and  tangent -modulus  curves 
at  room  temperature  are  presented  in  Figures 
3.5.3.1.6(a)  through  3.5.3.1.6(b)  for  various 
products  with  this  temper.  Figure  3.5.3. 1 .6(c)  is  a 
full-range  tensile  stress-strain  curve. 

3. 5. 3. 2  H32  Temper. — Figures  3.5.3.2.6(a) 
through  3.5.3.2.6(b)  present  tensile  and  com¬ 
pressive  stress-stratn  curves  and  tangent -modulus 
curves  at  room  temperature  for  this  temper. 

3. 5. 3. 3  H34  Temper. — Figures  3.5.3.3.6(a) 
through  3.5.3.3.6(b)  present  tensile  and  com¬ 
pressive  stress-strain  curves  for  this  temper.  A 
full-tange  tensile  stress-strain  curve  is  presented 
in  Figure  3.5.3.3.6(c). 

3. 5. 3.4  H36  Temper. — Figure  3.5. 3.4. 6  pre¬ 
sents  tensile  and  compressive  stress-strain  and 
tangent-modulus  curves  at  room  temperature  for 
this  temper. 

3. 5. 3. 5  HI  12  Temper. — Figure  3.5.3. 5.6  pre¬ 
sents  tensile  and  compressive  stress-strain  and 
tangent-modulus  curves  at  room  temperature  for 
this  temper. 


TABLE  3.5.3.0(c),  Percent  Elongation  Values  for  5086  Aluminum  Alloy 
(Sheet  and  Plate) 


Temper 

Thickness  range,  mm 

Elongation,  percent 

0  . 

0.50-1.27 

15 

1.28-6.33 

18 

6.34  -  50.80 

14 

H32 . 

0.50-1.27 

6 

1.28-6.33 

8 

6.34-50.80 

12 

H34  . 

0.22-0.49 

4 

0.50-1.27 

5 

1.28-6.33 

6 

6. 34 -25..  40 

10 

H36  . 

0.15-0.49 

3 

0.50-1.27 

4 

1.28-4.12 

6 
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3.5.4  5454  ALLOY 

3. 5.4.0  Comments  and  Properties. — 5454  is  a 
tough  medium-strength  Al-Mg  alloy.  It  is  the 
highest  strength  alloy  of  the  5000  series  which 
may  be  used  at  elevated  temperatures  without 
concern  about  resensitization  to  stress-corrosion 
cracking.  Refer  to  Section  3. 1.2.3  for  comments 
regarding  the  resistance  of  the  alloy  to  stress-cor¬ 
rosion  cracking,  and  to  Section  3. 1.3.4  for  com¬ 
ments  regarding  the  weldability  of  the  alloy. 

Some  material  specifications  for  5454 
aluminum  alloy  are  presented  in  Table  3.5.4.0(a). 
Room  temperature  mechanical  and  physical 
properties  arc  shown  in  Tables  3.5.4.0(b)  and  (c). 

Table  3.5.4.0(a).  Material  Specifications  for  5454 
Aluminum  Alloy 


The  temper  index  for  5454  is  as  follows: 


Section 

3.5.4. 1 

3.5.4.2 

3. 5.4.3 

3. 5.4.4 

3. 5.4. 5 


Temper 

0 

H32 
H34 
Hill 
HI  12 


Specification 

Form 

QQ-A-250/I0  . 

Sheet  and  plate 

QQ-A-200/6  . 

Extruded  bar,  rod 

and  shapes 

3.5.4. 1  0  Temper. — Figure  3.5.4. 1.6  presents 
tensile  and  compressive  stress-strain  curves  and 
tangent-modulus  curves  at  room  temperature  for 
this  temper. 

3. 5. 4. 2  H32  Temper. — Figure  3. 5. 4. 2. 6 
presents  room-temperature  tensile  stress-strain 
curves  for  this  temper. 

3. 5.4.3  HM  Temper. — Figures  3.5.4.3.6(a)  and 
(b)  present  room  temperature  tensile  and  com¬ 
pressive  stress-strain  curves  and  tangent-modulus 
curves  for  this  temper. 


TABLE  3.5.4.0(c).  Percent  Elongation  Values  for  5454  Aluminum  Alloy 
(Sheet  and  Plate) 


Thickness  range,  mm  Elongation,  percent 


0.50-0.79 

0.80-1.27 

1.28-2.88 

2.89-76.20 


0.50-1.27 

1.28- 6.33 
6.34-50.80 

0.50-1.27 

1.28- 4.09 
4.30-6.33 
6.34  -25.40 

1.27-50.30 

50.81-76.20 
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CROSS-SECTION At  AREA  2064.5  SQ.  CM 
SEE  TABLE  3.5.4. OtC). 
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FIGURE  3.5.4.3.6(a).  Typical  tensile  stress-strain  and  compressive 
stress-strain  and  tangent  modulus  curves  for 
5454-H34  aluminum  alloy  (sheet)  at  room  temper 
ature. 


I  ■.■sa  aaaaa  aaaaa  aasa  amnisim 
I BBaaaBBBaaaaBaaaaaaaBaBBaaaaB 


■  aBaaaaaaaa  aaaaa  aaaaa  aaaaa  BawaaaaaaaaaaBaaBBaiBaal] 

I  a  aaa  a  aaaaa  a  aaa  a  a  aaaaaaaaa  aaa  a  a  aaaaa  aaaaa  aaaaa  aaa  Ml 
I  laiiiBRiaa  aaaaa  aaaaa  astaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaafl 

I  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  Ml _ 

|  aaaaBaaaaaaaaaaaaaaB  aaaaa  aaaaa  aaaaaatmaa  an  aaiaaaaswiaaaaaaamiial 
^■aaaaaaaaaa  aaaaa  aaaaa  a  aaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  I 
■MaaaaaaaaaanaaaBBaBaaaaaaaaaaBaaaaaaMaSiBaaaaaBaaaaaraBaBBaaal 
fiJSI— a  aaaaaaa  ■aaaaaaaaa  aaaaa  aaa aaaaaiaaaia  aaaaa  aaaaa  aaaaa  aa  aaal 
aaaaa  aaaaa  aaaaaaaaia  aaaaa  aaaaa  asra  aa  aaaaa  aaaaa  snasnsa  aaaaa  aaaaa  I 

S255S5S5nS2522S5f5i;H52"S;M,M,1M*-t*B*"  ****■■»»**■*"■■■■■**  I 

laaaniaaaaaaaaaaBamaaaaaaaaaaaaaaaaaaBaaaniaaaaBaaaaa  aaaaa  aaaaal 

■aBBBaaBaaaaaaaauiBBBBBBaa  aaaaa  aaaaaBaaaaaaaaaaaaaa  aaaaa  aaaSal 
|BBaaaaaBaaaaaaaaaaaaaataaaBaSaaaaaBBBaara2jsBBaaas»aaa«aaaaaaaai 
^Mgaiiaapaaaaaaaaaaaaaaa— aa  aaaaa  aaaaa  aaaa  a  aaaaa  aaaaa  aaaaa  aaaaa  I 
laawaaaaa  aaa  ■asaaaaaamaaaaaaaaaaaaagaaaaaaaaaaaiaaasiara  aaaaal 
aaaagaaaaaaaaaBaaaaaawaaaaaaaaaaaaaiiaaaa— a— aa—M—BM— ■ 


■aaBaaaBaaaaaBaaaaaBaaBBaBBBa 


■aaaaa  aaaaa  naval 


■aaaaaaaaaa aaaaa aaaaaaaaa 


■aa  aaaaa  aaaaaaaaisaaa 


I  aaaaaaaaaa  ana  a  Mi 
I aaaaaaaaaaaaaaaaaa 


aaaaa aa 


■aaa 


■a aaaaa aa 


a aaaa aaa* 


as— -iiaaaaaaaaaaaa 
gmaBBgaaan;  aaaaa  aaa 
M|n>RM«MM 


aaa aaaaa aaaaa aamaa 


::::: 


aaaaaaaaBBBa 


■am  aaaaaaav^a ■ 


BaaaaaaaaaaaBBaaaaaaaaaaai 


■  aaaaa  a  a  an  a* 
mmaasMi  aaMM 
iiiiaiasiRiiaii 


lafa 
I  aaa: 


■  aaaa: 

■aaaii 


■»ai 

■aii 


laaaaaaaaaa 

laaaaaaajwa 


laaaaaaaaaaa 


laaaaaaaifaaaflMMI 
iaaa  aaaaa  raaiaaiaaiaaiaaM 
Maaaiaa'iavaaaamanaaaa 


a  aaaaa aaaaa aaaaaaaaaa  aaaaa  a 

a  aaaaaaaaaa aaaMM&iiMMai 

aaiRRsaaiaaBii 


laaaaaaaaaa. 


Ena'J 
ala/.d 

KaraM 
Panr/aiM 
I  ■a'/aaaaaj 
laramaafia 


laaaaaaaaaai 


::::: 


aaa  aaaaa  aaa^HM 
aaa aaaaa aaaaa aaa 
aaa  aaRiaaMMI 

miuiaud 


■  ■■an 
■aaaaa 


imsm-i 


aa  aaaaaaaaaa  aainaa 


■aaaaa 

aaaaa. 


Strain,  0.001  m/m 


FIGURE  3.5.4.3.6(b).  Typical  ten.ile  stre»» -»train  curve  for  5454-H34 
aluoinuo  alloy  (place)  at  roots  cenperacure. 
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3.5.5  5456  ALLOY 

3. 5. 5.0  Comments  and  Properties. — 5456  is  the 
highest  strength  alloy  of  the  Al-Mg  group.  It  has 
high  resistance  to  corrosion,  but  should  not  be 
used  in  strain-hardened  tempers  at  temperatures 
above  373  K  because  of  possible  sensitization  to 
stress-corrosioi:  cracking.  Refer  to  Section 

3. 1.2. 3  for  comments  regarding  the  resistance  of 
the  alloy  to  stress-corrosion  cracking,  and  to  Sec¬ 
tion  3. 1.3. 4  for  comments  regarding  the 
weldability  of  the  alley. 


Table  3.5.5.0(a).  Material  Specifications  for  5456 
Aluminum  Alloy 


Specification 

Form 

QQ-A-250/9  . 

Sheet  and  plate 

QQ-A-200/7  . 

Extruded  bar,  rod 

and  shapes 

The  temper  index  for  5456  is  as  follows: 
Section  Temper 

3.5.5. 1  0 

3. 5. 5. 2  Hill 

3. 5. 5. 3  HI  12 

3. 5. 5. 4  H321 

3.5.5.5  H323 

3. 5. 5.6  H343 


Some  material  specifications  for  5456 
aluminum  alloy  are  presented  in  Table  3.5.5.0(a). 
Room-temperature  mechanical  and  physical 
properties  are  shown  in  Tabic  3.5.5.0(b),  (c),  and 
(d).  The  effect  of  temperature  on  physical  proper¬ 
ties  is  shown  in  Figure  3. 5. 5.0. 

3.5.5. 1  0  Temper. — Room-temperature  tensile' 
and  compressive  stress-strain  and  tangent- 
modulus  curves  for  this  temper  arc  presented  in 
Figures  3.5.5.1.6(a)  and  (b). 

3. 5. 5. 2  Hill  Temper. — Room-temperature 
tensile  and  compressive  stress-strain  and  tangent- 
modulus  curves  for  this  temper  are  presented  in 
Figure  3.5.5.2.6. 

3. 5. 5. 3  HI  12  Temper 

3. 5. 5. 4  H321  Temper. — Room-temperature 
tensile  and  compressive  stress-strain  and  tangent - 
modulus  curves  for  this  temper  are  presented  in 
Figure  3.5.5.4.6. 


TABLE  3.5.5.0(c).  Percent  Elongation  Values  for 
5456  Aluminum  Alloy 


Material  condition 

Thickness 

Elongation, 

range,  mm 

percent 

H323  and  H343  . . 

1.30-3.18 

6 

5.19-6.32 

8 
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TABLE  3.5.5.0(B).  OESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 
5456  ALUHINUH  ALLOT  (SHEET  ANO  PLATE) 


> 

LO  LO 

fO  O' 

lO  lO 

CO  lO 

►**  N» 

CVJ  CVJ 

wi  co  j-  «o  ro 
fo  *">  «y  ro  ro  -T  O' 

TO  to  M  f\J  CVJ  C\J  *4 


W'  o  -OJ 
(\*Z  •  • 

I  i  <2  I  to  lO 

<  1  f\J  fO  N. 

t  H-  W— 
OUJH 

o(uix  LA  3 


!  !  IS  S 
! 


,  vO  N-] 


o  t.  a  o 

U  O'  X  H 

aoui 

WlL>-  H 


ro  •  •  • 

to  •  4  4 

•t  »  •  • 


ro  o  -r  to  in  a  rsj  «4  n  vd  if»  col 

O  O'  *-<  O'  loon.  j-io  o'  J“  «h| 

K>  CVJ  N  H  W  ftJ  *-4  -tio  w  n  I 


N»  O  <Q  o  O'  -S’  O  OJ  O'  N.  I o 

^  — <  Na  N-  *-«  O  lO  N-  *4  vD 

f^fO  CVJ  CVJ  r(  N  H  «T  If)  fO  fo 


N-  LO  OJi 

O  *4| 


lC  (O  lO  OJ  CT  N-  LO 

c  w  ■*.  vO  N.  w-J  lO 

WH  *T  ID  fO  PO 


k4Io  HvCO 

In.  k  m 


OO  «■*  O'  .T  CT  *-l  NJ  vO 

cr  cr  rofo  to  ro  n.  fo  n.  <\j  o 

CVJ  ftj  *4H  W  «H  mT  [f\  OJ  CVI 


* 

t 

•  # 

•  4 

• 

•  • 

4  4 

4  4  4  4  4 

4 

i 

•  4 

•  • 

• 

•  « 

4  4 

4  4  4  4  4 

• 

i 

mm 

•  • 

•  4 

•  4 

• 

•  • 

4  4 

4  4  4  4  4 

« 

i 

to 

•  • 

•  4 

4  • 

• 

4  4 

4  4 

•  4  »  4  4 

• 

i 

(•1 

•  • 

•  4 

•  • 

• 

4  4 

4  4 

4  4  4  «  • 

i 

►-« 

•  4 

4  • 

• 

4  4 

4  4 

4  4  4*4 

• 

i 

A— 

•  • 

•  4 

•  • 

• 

•  4 

4  4 

4  4  4  4  4 

• 

i 

O' 

•  • 

•  • 

•  • 

• 

4  4 

4  4 

4  4  4  4  4 

• 

i 

UJ 

*  4 

•  • 

•  • 

• 

4  4 

4  4 

4  4  4  4  4 

4 

i 

0. 

•  • 

•  4 

•  • 

• 

mm  mm 

«•»  ■»» 

«• 

4  4  4  4  4 

• 

i 

o 

4  • 

•  4 

•  • 

• 

1ft  O 

ir»  a 

►- 

4  4  4  4  4 

X 

i 

a 

•  • 

•  • 

•  • 

4  rnm 

*  4 

mm 

4  4 

z 

4  4  4  4  4 

x 

i 

CL 

M  •  • 

4*  4  4 

mm  m  m 

•  d 

•4fl< 

•m*  ftj  UJ 

4  4  4  4  4 

t 

<  «  * 

c  •  • 

<x  •  • 

d  CL 

II  II 

CL 

1.  II 

o 

4  4  4  4  4 

► 

i 

JO  •  • 

0  *  • 

a  •  • 

ft  n  o  r-  t 

Of'*' 

4  4  <T  4  4 

</> 

i 

«r 

r  ♦  • 

r  •  • 

r  *  • 

T 

V  \ 

N.  S. 

UJ 

•  d  cl  «r  * 

t/> 

i 

O 

•  ^ 

•  ►- 

•  V- 

m 

UJ  UJ 

• 

UJ  Ui  Q. 

•  CL  (.0  CL  • 

UJ 

i 

M 

•  -J  -J 

•  _j  _j 

+  mJ  mJ 

•  3 

•mm  w 

>- 

w  w 

-JO  O  4 

(Y 

zr 

i 

V 

> 

3  OC 

Of 

4 

4  4 

Ul 

V 

m 

i 

d 

*— 

4- 

o 

(/>  CD 

03 

-J 

4.0  *3 

*  * 

CO  fO 

r>*  r-» 

n  oo  n 

OV  I 
H  N  M 
•<  Ov 
H  CM 

i  Jli'' 

v£)  CT*  O' 

♦  ♦  O  • 

N  OwK) 


a  n.  « 

O  O  VC  *  O 

or  r  »  * 
a  (»»t 

J  <  \  s  c 

■«  O  -)  X  X 

uuj  a 

wr  •  *  _j 
wo  Oy  < 
> 


3-202 


SEE  TABLE 


TABLE  3.5.5. 0  O 1 


OESIGN  MECHANICAL  AMO  PHYSICAL  PROPERTIES  OF 
5456  ALUMINUM  ALLOY  tEXTRUSION) 


specificat ION . 

3Q-A-200/7 

FORM . 

EXTRUDED 

3AR,  ROD,  AND 

SHAPES 

TEMPER.  . . . 

a 

Hill 

H11J 

THICKNESS,  MM . 

<127.  Oif 

<127.  03“ 

<127.  03“ 

BASIS . 

! - 5 - 

S 

- - 

MECHANICAL  PROPERTIES! 

FTU,  M3  A  i 

. . 

283 

230 

283 

LT . 

•  •  • 

•  •4 

283 

FTY,  M°  A  t 

. . 

131 

179 

131 

LT . 

•  •  • 

•  4  4 

131 

FCY,  MPA! 

. . 

131 

•  •  • 

131 

LT . 

•  •  • 

•  4  • 

131 

FSU,  MPA . 

•  •  • 

•  •  • 

159 

F8RU ,  MPA! 

<£/0=1.5) . 

♦  •  • 

•  •  • 

393 

<E/3=2.0> . 

•  •  • 

•  •  • 

510 

F8RY ,  MPA! 

( E/0=1 . 5) . 

•  •  • 

•  •  • 

234 

(E,'D  =  2.0)  ......... 

•  •  • 

•  4  • 

262 

EL,  PERCENT! 

. . 

14 

12 

12 

LT . 

•  •  • 

•  *  • 

•  •  • 

E,  GPA . 

70.3 

EC,  GPA . 

71.7 

G,  GPA . 

26.5 

MU . 

0.33 

PHYSICAL  3ROPERTIE$  t 

OMEGA,  MG/M3 . 

2.66 

C,  . 

0.96  (AT.  373  K) 

K  ,  W/(M*<) . 

118  CAT  298  K) 

ALPHA,  10-6  M/ ( M*  K) . . 

23.9  1293-373  K) 

FIGURE  3.S.5.2.6.  Typical  Cansila  tcrcaa-straln  and  compressive  acre::* 
acraln  and  tangent  modulus  curves  for  5456-Hill  alum¬ 
inum  alloy  (extrusion)  at  room  temperature. 


.  .  I  ■  ...  I  .  . .  I,.  i. 

2  4  S  8  1C  I? 


Strain,  0001  rn/m 

Comoressive  Tangent  Modulus,  GPo  (x  10) 

FIGURE  3.5.5.U.O.  Typical  tenrilc  strecs-straln  and  compressive  stress- 
strain  and  cangent  modulus  curves  for  5G56-H.:21  alumi¬ 
num  alloy  (plate)  at  room  temperature. 
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T 4 HE  3.6.1.3(E).  DESIGN  HECH4NIC4L  AND  PHYSICAL  PROPERTIES  OP 

6061  ALUMINUM  ALLOY  (DIE  FORCING) 


SPECIFICATION . 

MIL- A- 22  IT  1  . 

FORM . . . . 

0 IE  FORTINS 

CONOITICN.. . 

T 6  AND  T 65 2 

THICKNESS,  MH . . 

<  101.63 

BASIS . 

> 

MECHANICAL  PROPERTIES! 

FTU,  f1°Al 

1 

L. . 

262 

T . . . 

262 

ETY,  M£>AI 

L . . . 

261 

. . 

261 

ECY.  M°  A  1 

. . 

268 

. . 

26  8 

ESU,  MPA . 

112 

E8RU,  M PA  1 

(  E  /  0  =  1 . 5 ) . 

621 

<  E/0  =  2.  0) . 

526 

FBRY,  M  PA  1 

<E/0=1. 5) . 

372 

(  E /0  c  ? .  0 . 

621 

EL,  PERCENT  l 

. . 

7 

. . 

5 

E,  GPS . . . 

68.3 

EC,  G  P  A . 

65.6 

G,  GPA . 

26.2 

MU . 

0.33 

PHYSICAL  PROPERTIES! 

OMEGA,  MG/M!.... . 

2.71 

C,  J/(S*K) . 

0.96  (AT  373  K) 

K,  W/  (M*<! . . 

166  (AT  298  K) 

ALPHA,  10-6  M/(M»  K)  .  . 

23.6  (293-373  K) 

*FOR  OIF.  FORGINGS.  T  INOICATES  ANY  GRAIN  DIRECTION  NOT  WITMIN  +  15  OEGREES  OF 
BEING  PARALLEL  TO  THE  FORGING  FLOW  LINES.  SPECIMENS  TO  TEST  TRANSVERSE 
PROPERTIES  SHOULD  BE  LOCATED  AS  CLOSE  TO  THE  SHORT  TPANS VERSE  DIRECTION 
AS  POSSIBLE. 

bTHE  THICKNCSS  COLUMNS  ARE  FOR  THE  A S* ME A T-T REA TEO  THICKNESS.  TO  ENTCR  THE 
TABLE  USE  THE  HIGHER  OF  THE  HEAT-TREAT  THICKNESS  OR  ONE-HALF  OF  THE 
AS  FOR3E0  THICKNESS. 


R 

I 


» 


I 


i 
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TA3LE  3.6.1.0(F).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

6061  ALUMINUM  ALLOY  {HANfl  FORGING) 


SPECIFICATION 


CONDITION.... 
THICKNESS,3  MM 

8ASIS . 


MECHANICAL  PROPERT IE  St 
FTU,  H3  A  t 

L . 

LT . . . 

ST . 

FTY,  M°  A : 

L . 

LT . 

ST . 

FCY,  M° A  t 

L . 

LT . 

ST . 

FS'J,  M3  A . 

F8RU,  MPA: 

IE/D=1. 5) . 

(E/D=2.0) ....... 

F3RY,  MPA  t 

(E/0=1.5) . 

I  E/D  =2. 0 ) . 

EL,  PERCENT*. 

L . 

LT . 

ST . . 

E,  GPA . 

EC,  GPA . 

G,  GPA . . 

MU . 


MIL-A-22771 


T6  AND  T6E2 


101.62 


<  101.61 


S 


63.3 

69.6 

26.2 

0.33 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/ M3 . . 

Ct  J/  <3  *<  1  ..  . . . 

K  ,  H  /  (M  *  X) . . 

ALPHA,  10-6  M/(M*K) . , 


2.71 

3.9C  (AT  373  K) 
156  (AT  298  K) 
23.9  1293-373  K) 


HHEN  MANO  FORGINGS  A’E  MACHINED  OEFORE  MEAT  TREATMENTS  THE  SECTION  THICKNESS 
AT  TIME  OF  HEAT  T°EAT“ENT  SHALL  DETERMINE  THE  MINIHUM  HECHANICAL  PROPERTIES 
AS  LONG  AS  THE  ORIGINAL  (AS-FORGEO)  THICKNESS  COES  NOT  EXCEEO  ™£  MAXIMUM 
THICKNESS  FOP  THE  ALLOY  AS  SMOHN  IN  THE  TABLE.  THE  HAXIMUH  CROSS-SECTIONAL 
AREA  OF  H4N0  C0RGI.N3S  IS  16,516  SO.CH. 
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PHOPERTIES  OOTAXNEO  BY  THE  USER  HOWEVER,  HAY  eE  LOWER  THAN  THOSE  LISTED  IF 
THE  MATERIAL  HAS  BEEN  FORMED  OR  OTHERWISE  COLD  OR  HOT  HORKE0,  PARTICULARLY 
IN  THE  ANNEALED  TEMPER,  PRIOR  TO  SOLUTION  HEAT  TREATMENT. 
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riCUP.E  3. 6. 1.0.  Effect  of  temperature  on  the  physical 
properties  of  6061  aluminum  alloy. 
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Effect  of  exposure  at  elevated  temperatures  on  the 
room-temperature  ultimate  tensile  strength  (F  ) 
of  6061-T6  aluminum  alloy  (all  products) .  ’ 
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FIGURE  3.6. a. ^.. 1(d)  .  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  tensile  yield  strength  (F  )  of 
6061-T6  aluminum  alloy  (all  products) .  ^ 
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FIGURE  3.6.1. 2.4.  Effect  of  temperature  on  the  tensile 
and  compressive  moduli  (E  and  Ec) 
of  6061  aluminum  alloy. 
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FIGURE  3.6.1.2.6(c).  Typical  tensile  stress-strain  and  compressive  stress 

strain  curves  for  6061-T6  aluminum  alloy  (extrusion) 
at  room  temperature. 
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FIGURE  3.6.1.2.6(d).  Typical  tensile  stress-itraln  curves  Cot  6061-T62 
aluminum  Alloy  (extrusion)  et  room  temperAture. 
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FIGURE  3.6.1.2.6(a).  Typical  eoepreaaive  straacetraln  and  tangent 
sodulua  curves  for  6061-T62  clualr.ua  alio/ 
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FIGURE  3.6.1.2.6(h).  Typical  tensile  stress-strain  curve  (full  range)  for  6061-T6 

aluminum  alloy  (sheet)  at  room  temperature. 
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Minimum  Stress,  MPa 

FIGURE  3. 6. 1.2. 8.  Typical  constant-life  diagram  for  fatigue  behavior  of 
various  wrought  products  of  6061-16  aluminum  alloy 


Correlative  Information  for  Figure  3.6. 1.2.8 
Product  Form:  Drawn  rod,  19.1  mm  diameter 
Rolled  bar,  25  x  190  mm 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  2000  cpm 
Temperature  —  RT 
Atmosphere  —  Air 


Properties: 


TUS.  MPa  TYS,  MPa  Temp.  K 
305  ~m  RT 


Specimen  Details:  Unnotched: 

5.08  mm.  diameter 

Surface  Condition:  Unnotched:  not  known 


3-228 


>-v 


aatiaaga 


3. 6. 2.0  Comments  and  Properties. — 6151  is  an 
Al-Mg-Si  alloy  whose  use  has  been  restricted  pri¬ 
marily  to  die  forgings.  It  provides  higher 
strengths  than  attainable  with  6061,  and  has  high 
resistance  to  corrosion.  Refer  to  Section  3. 1.3. 4 
for  comments  regarding  the  weldability  of  the 
alloy. 

A  material  specification  for  6151  alloy  aluminum 
is  presented  in  Table  3.6.2.0(a).  Room-tem¬ 
perature  mechanical  and  physical  properties  are 
shown  in  Table  3.6.2.0(b).' The  effect  of  tem¬ 
perature  on  physical  properties  is  shown  in  Figure 
3. 6.2.0. 


Specification 
M1L-A-22771  .... 


Form 

Forgings 


The  temper  index  for  6151  is  as  follows: 


Section 
3.6.2. 1 


Temper 

T6 


3.6.2. 1  76  Temper. — Modulus  data  from 
Figure  3.6. 1.2.4  can  be  used  for  this  alloy. 


TABLE  3.6.2.C(0> 


OS  SIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
6151  ALUMINUM  ALLOY  (0IE  FORGING) 


SPECIFICATION . 

1  M I L- A- 22  77 1 

FORM . 

1  0  IE  FORGING 

CONOITICN, . 

T  6 

THICKNESS,  MM . . . 

<10  1.  60 

BASIS . 

s 

MECHANICAL  PROPERTIES! 

FTU ,  M°  A ! 

L . 

30  3 

T® . 

30  3 

FTY,  MPA! 

L . 

255 

T . 

255 

FCY,  MPA! 

L . 

269 

T . 

241 

FSU ,  HDA  . . 

193 

F8RU,  MPA! 

(E/9-1* 5)  •••*•••*• 

•  •  • 

<E/0=2.0) . 

•  •  • 

F3RY,  MPA! 

(E/0=1. 5)  . 

•  •  • 

( E  /  3  =  2  .  CM . 

•  1  • 

EL,  PERCENT: 

L . 

10 

T . 

,  6 

E,  GP4 . 

69.6 

EC,  GPA . 

71 .0 

G,  GPA... . 

26.5 

MU . 

0.33 

PHYSICAL  PROPERTIES! 

OMEGA,  MG/ M3 . 

2.71 

C,  J/(G*K) . 

0.96  (AT  373  K) 

K,  W/M»K) . 

17  3  (AT  298  K) 

ALPHA,  10-6  M/ (M*K) . . 

21.6  (293-373  K) 

'  FOR  DIE  FORGINGS,  T  IN0ICATES  ANY  GRAIN  DIRECTION  NOT  WITHIN  +  15  0EGREES  OF 
8£TNG  PARALLE-.  TO  THE  FORGING  FLOW,  LINES.  SPECIMENS  TO  TEST  TRANSVERSE 
PROPERTIES  SHOULD  3E  LOCATEO  AS  CLOSE  TO  THE  SHORT  TRANSVERSE  OIRECTION  AS 
POSS I3L  f . 

THE  THICKNESS  columns  are  FOR  the  AS-HEAT-TRE/TEO  thickness,  to  enter  the 
TA8LE  USE  THE  HIGHER  OF  THE  HEAT-TREAT  THICKNESS  OR  ONE-HALF  OF  THE 
AS-FORGEO  THICKNESS. 


.  - - /•'  >-> 
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FIGURE  3. 6. 2.0.  Effect  of  temperature  on  the  physical 
properties  of  6151  aluminum  alloy. 
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3.7  7000  Series  Wrought  Alloys 

The  7000  series  of  wrought  alloys  contain  zinc 
as  the  principal  alloying  element  and  magnesium 
and  copper  as  other  major  elements.  They  are 
available  in  a  wide  variety  of  product  forms.  They 
arc  strengthened  principally  by  solution  heat 
treatment  and  precipitation  hardening,  and  arc 
among  the  highest  strength  aluminum  alloys. 

The  T6-type  tempers  of  these  alloys  are  suscep¬ 
tible  to  stress-corrosion  cracking  under  certain 
conditions  while  the  T7-type  tempers  are  more 
resistant,  these  alloys  should  be  considered  in  the 
light  of  Sections  3. 1.2.3  and  3.1.3. 

3.7.1  7049  ALLOY 

3. 7. 1.0  Comments  and  Properties. — 7049  is 
available  only  in  the  form  of  die  and  hand  forg¬ 
ings.  The  T73  temper  provides  static  strengths 
about  equivalent  to  those  of  forged  7079-T6,  with 
high  resistance  to  stress-corrosion  cracking.  The 
fatigue  characteristics  are  about  equal  to  those  of 
7075-T6  and  7079-T6  products,  while  the  tough¬ 
ness  is  somewhat  higher.  Refer  to  Section  3. 1.2.3 


for  comments  regarding  the  resistance  of  the  alloy 
to  stress-corrosion  cracking,  and  to  Section 
3. 1 .3.4  for  comments  regarding  the  weldability  of 
the  alloy. 

Material  specifications  for  7049  aLuninum 
alloy  are  presented  in  Table  3.7.1.0(a).  Room 
temperature  mechanical  and  physical  properties 
are  shown  in  Tables  3.7.1.0(b),  (c)  and  (d). 

Table  3.7.1.0(a).  Material  Specification  for  7049 
Aluminum  Alloy 

Specification  Form 

QQ-A-367  Forgings 

_ AMS  4157 _ Extrusions 

The  temper  index  for  7049  is  as  follows: 

Section  Temper  or  condition 

3.7.1. 1  T73,  T7351 1 

J.7.1.1  T73  Temper. — Figures  3.7.1.1.6(a) 
th.ough  3.7.1.1.6(d)  present  tensile  and  com- 
pr*  ssive  stress-strain  and  tangent-modulus  curves 
for  die  and  hand  forgings  at  room  temperature. 
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TA9LE  3.  7.1.0  CD).  i-^CHAN  ICAL  AND  PHYSICAL  PROPERTIES  OF 

'*  5  ALLOY  (DIE  FORGING) 


— —  -  -  —  .  —  *  *•  *  -  -  •  — 

SPECIFICATION . ......: _  _ OQ-A-367 

FORM .  .  .  0 1  E~  FORGING 


CONOIT  ION. . .  . _ T  73 


THICKNESS,  MM . 

BASIS . 

<  25. -i  ; 
'  1 

,  25.42- 
'•'9.8! 

1  S  "  ‘ 

5  0.82- 
76.21 

r  s  - 

76.22- 
131  .61 
~  S  ' 

i 

1C  1 .62- 
127.00 

s 

MECHANICAL  PROPERTIES:  1 
FTU,  M°  A  t  I 

L  . . . 

496 

496 

490 

;■ 

490 

483 

T  . . i 

490 

483 

4B3 

483 

469 

FTY ,  HPAJ 

. . .  ..  .  . 

427 

427 

421 

4  21 

414 

T . 

421 

414 

414 

414 

400 

FCY,  mpa: 

L . 

441 

441 

434 

434 

427 

T . 

434 

427 

427 

4  27 

414 

FSU,  MPA . 

283 

283 

276 

2“  6 

I  269 

FBRU  ,b  M  PA  t 

( E/0  =  1 . 5) . 

696 

696 

683 

683 

;  676 

(E/3=2. 0) . 

917  | 

917 

903 

889 

889 

F8RY,b  MPA: 

(E/0-1. 5) . 

552 

1 

552 

545 

5  38 

538 

<E/9=2.C)  ...  . . 

562  | 

662 

655 

641 

641 

EL,  PERCENT: 

L . 

7 

7 

7 

7 

7 

T . 

3 

3 

3 

2 

2 

E,  GPA . 

EC,  GPA . 

G,  GPA . 

MU.. . 

r  • - 

70.  3 

73.  8 

26.9 

0.33 

1 

1 

« 

1 

• 

1 

1 

1 

1 

1 

1 

• 

1 

1 

1 

1 

1 

1 

0 

1 

1 

1 

1 

1 

• 

• 

PHYSICAL  PROPERTIES: 

OMEC-A,  HG/M3 . 

C,  J/(G*KI . 

<,  W/CM*<) . 

ALPHA,  10-6  M/ (M*  K)  .  . 

2.82 

0.95  (AT  373  K) 

154  (AT  298  K) 

23.4  (RT-373  K) 

FOR  01 E  FORGINGS,  T  INDICATES  ANY  GRAIN  DIRECTION  NOT  WITH  +  15  DEGREE  OF 
BEING  PARALLEL  TO  THE  FORGING  FLOW  LINES.  SPECIMENS  TO  TEST  TRANSVFRSE 
PROPERTIES  SHOULD  BE  LOCATED  AS  CLOSE  TO  THE  SHORT  TRANSVERSE  DIRECTION  AS 
POSSIBLE. 

“BEARING  VALUES  ARE  ORY  PIN  VALUES  PER  SECTION  1.4. 7.1. 
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SPECIFICATION. 
FORM . 

con  j [r i on . . . . . 

THICKNESS.  MM. 


BASIS. 


MECHANICAL  properties 
FTU,  MPAI 

. . 

IT . 

ST . 

FTY,  HP A  * 

l.... . 

LT . . 

ST . 

FCY,  mpa: 

. . 

LT . 

ST . 

FSU,  MPA . «,.... 

FBRU,  MPA  J 

<E/0=1.5> ...... 

( E/0  =  2. 0 ) . 

FBRY?  MPA  t 

(E/0= 1. 5) . 

(E/0=2«0) . 

EL.  PERCENT! 


PHYSICAL  PROPERTIES! 

OMEGA ,  MG/ M3 . 

2.82 

C.  J/(5*K) . 

0.96  (AT  373  K) 

K.  W/(M*K) . . 

154  (AT  298  K) 

ALPHA,  10-6  M/(M»K) . . 

23.4  (RT-373  K) 

WHEN  HANO  FORGINGS  A=>E  .MACHINED  BEFORE  HEAT  TREATMENT,  THE  SECTION 

THICKNESS  ST  TIME  OF  HE' T  TREATMENT  SHALL  DETERMINE  THE  MINIMUM  i'ECHAHICA  L 
PR03ERT IES  AS  LONG  AS  THE  ORIGINAL  (A3-FORGEO)  THICKNESS  DOES  NOT  EXCEED 
THE  MAXIMUM  THICKNESS  FOR  THE  ALLOY  AS  SHOWN  IN  THE  TAB-E.  THE  MAXIMUM 
CROSS-SECTIONAL  A°EA  OF  HANO  FORGINGS  13  16.516  SO.  CM. 

BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4.7. 1. 


TABLE  3. 7.1.0 (0)  . 


design  mechanical  ANO  PHYSICAL  PROPERTIES  OF 
7049  ALUMINUM  ALLOY  (EXTRUSION) 


SPECIFICATION . 

AMS  4157  ! 

FORM . 

EXTRUSION  1 

CONOITI ON . 

T73511  1 

THICKNESS,  hm . 

76.19- 

<76.18 

127.00 

BASIS . 

S 

S 

MECHANICAL  PROPERTIES  * 

FTU,  HP  At 

L . . . 

510 

496 

LT . 

483 

469 

FTY ,  MPA  J 

. . 

441 

427 

LT . 

414 

400 

FCY,  MPA l 

. . 

448 

4  34 

LT . . . 

421 

4  07 

FSU,  HP A . 

262 

255 

'•‘BRIT,  MPA* 

. . . . 

717 

696 

(E/D=2.0) . 

938 

910 

F3RY8,  MPA  S 

(E/0=1 . 5) . 

552 

531 

IE/0=2.C> . 

676 

655 

EL,  PERCENT  J 

L . 

7 

7 

LT . 

5 

5 

E,  G PA . 

72. 

4 

EC,  GpA . 

•  • 

G,  GPA . 

27.6  | 

MU . 

0.31 

PHYSICAL  PROPERTIES: 

OMEGA,  MG/M3 . 

2.82  i 

C,  J/(G»K) . 

0.96  (AT  373  K)  j 

K,  H/(M*K) . 

•  • 

I 

ALPHA,  1C-6  M/(M*K) . . 

23.4(rt  TO  373  K)  1 

^EARING  VALUES  ARE  ORY  =>IN  VALUES  PER  SECTION  1.4. 7.1. 


f 

i 

i 
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3.7.2  7050  ALLOY 


3. 7. 2.0  Comments  and  Properties.  —  7050  is  an 
Al-Zn-Mg-Cu-Zr  alloy  developed  to  have  a  com¬ 
bination  of  high  strengths,  high  resistance  to 
stress-corrosion  cracking,  and  good  fracture 
toughness,  particularly  in  thick  sections.  The  use 
of  zirconium  in  lieu  of  chromium  provides  a  low 
sensitivity  to  quench,  which  results  in  high 
strength  in  thick  sections.  Plate,  hand  and  die 
forgings  in  the  T736-typc  temper  have  static 
strengths  about  equivalent  to  those  of  corre¬ 
sponding  products  of  7079  in  the  T6-typc  tem¬ 
pers  and  toughness  levels  equal  to  or  higher  than 
other  conventional  high-strength  alloys.  Plate  in 
the  T73651  temper  has  stress-corrosion  re¬ 
sistances  higher  than  7075-T7651  and  hand  and 
die  forgings  in  the  T73652  and  T736  tempers, 
respectively,  have  stress-corrosion  ^resistance 
equivalent  to  7175-T736  forgings. 

Material  specifications  for  7050  plate  hand 
forgings  and  die  forgings  are  shown  in  Table 
3.7.2.0(a).  Room-temperature  mechanical  prop¬ 
erties  arc  shown  in  Tables  3.7.2.0(b)  through 


Table  3.7.2.0(a).  Material  Specifications  for 
7050  Aluminum  Alloy 


Specification 

Form 

AMS  4050 

Bare  plate 

AMS  4108 

Hand  forgings 

AMS  4107 

Die  forgings 

The  temper  index  for  7050  is  as  follows: 


Section  Temper 

3.7.2. 1  T736,  T7365 1 ,  T73652 

3.7.2. 1  7756,  T73651,  and  T73652  Tempers.  — 
Figures  3.7.2.1.6(a)  through  (f)  present  stress- 
strain  and  tangent-modulus  curves  for  various 
products  and  tempers. 


TABLE  3. 7.2. 0(8) .  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OP 

7050  aluminum  alloy  cplatej 


SPECIFICATION . 

AMS  *050  f 

FORM . 

PLATE  1 

CONDITION..- . 

T73&51  1 

THICKNESS,  MM . 

6.35* 

12.69-  j 

25.42- 

33 . 12- 

50.82- 

r~7622- 

101.62-1 

127J02- 

12.  68 

25.41 

38.11 

50.  81 

76.21  ; 

[101.61  1 

127.01 

152.43 

BASIS . 

S 

S 

S 

S 

s; 

i 

i 

S 

S 

MECHANICAL  PROPERTIES t 

mm 

mug 

# 

FTU,  MPA t 

■ 

L . 

*93 

Bm 

490 

■ns 

476 

462 

455 

LT . 

*96 

mSm 

496 

496 

483 

469 

462 

ST . 

•  •  • 

•  •  • 

mam 

469 

455 

4  41 

434  ) 

FTY,  MPA  t 

L . 

*3* 

4  74 

434 

434 

4  34 

414 

386 

LT . 

434 

434 

434 

434 

434 

414 

386  ' 

ST . 

*¥11811 

•  4  • 

•  <  • 

•  •  • 

407 

386 

372 

365  1 

FCY ,  MPA  I 

t 

427 

421 

421 

414 

393 

372 

359 

LT . 

448 

448 

448 

455 

434 

421 

4  07 

ST . 

•  •  • 

•  •  • 

£  •  • 

427 

414 

HOTS 

393 

FSU,  HP A . 

283 

27  6 

296 

296 

290 

290 

290 

FBRU3,  MPA! 

<E/0=1.5> . 

717 

717 

717 

756 

758 

738 

717 

7 1C 

(E/C=2.  0) . 

545 

945 

945 

i  979 

9  79 

952 

924 

910  I 

FBRY®,  MPA1 

I 

( E/D=l. 5) . 

595 

566 

586 

627 

627 

614 

600 

586 

(E/0=2.0) . 

696 

696 

65  6 

710 

703 

689 

676 

EL,  PERCENT: 

L . 

9 

9 

9 

9 

9 

9 

9 

8 

LT . 

6 

6 

6 

6 

6 

6 

5 

5  j 

ST . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

2 

2 

2 

2 

E,  GPA . 

71. 

K 

EC,  GPA . 

73. 

.1 

i 

G,  GPA . 

26. 

9 

KU . 

0. 

33 

PHYSICAL  PROPERTIES: 

’  *  “  ™ 

OMEGA,  MG/M3 . 

2. 

82 

C,  J/(G*K) . 

3. 

96  (AT  373  K) 

K*  W/(M*K> . 

161  Cat  298  K) 

ALPHA,  10-6  M/ (N*K ) •  . 

23. 

0  (293 

TO  373  K) 

*  •  ■  •  • 

HEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  I.4.7.I. 


r  i 
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c 


0 


0 


7050  ALUHINUM 


-  ....J  PHYSICAL  PROPERTIES  OF 

Alloy  (die  forging) 


4 


SPECIFICATION . 

•  ""  *  “  i 

_ AMS 

4 10  7 

FORM . 

OIE  FORGING* 

CONOITI ON . 

T  73  6 

THICKNESS1;  . . 

MM 

KHKH9I 

50.82- j 

1  76.22- 

nr wm 

127.02- 

bbSIjB 

7621  j 

1101.61 

127  jn 

152.40 

BASIS . 

mm 

5 

S 

s 

s 

• 

1 

1 

•  ““ 

MECHANICAL  PROPERTIES  J 

FTU,  MPA  I 

L . 

496 

496 

490 

490 

483 

481 

T . 

469 

4  69 

462 

462 

455 

455 

FTY ,  HP A l 

L . 

427 

427 

421 

421 

414 

407 

T . 

396 

336 

379 

379 

372 

372 

FCY ,  MPA  t 

L . 

434 

434 

434 

434 

434 

427 

T . 

4  00 

400 

393 

386 

379 

372 

FSU ,  MPA . 

290 

290 

283 

283 

283 

283 

FBRUb,  MPA! 

( E/D=l. 5 ) . 

593 

683 

676 

676 

669 

669 

<E/D=2. 0) . 

303 

903 

889 

889 

876 

876 

FBRY  ,  HP A! 

<E/0=1. 5) . 

565 

5  65 

55  8 

558 

545 

538 

( £/Q=?. 0) . 

662 

662 

655 

655 

641 

634 

EL,  PERCENT! 

L . 

7 

7 

7 

7 

7 

7 

T . 

5 

5 

4 

4 

3 

3 

E,  G PA . . . 

70 

.3 

EC,  GPA . 

73 

.8 

G,  GPA . 

26 

.9 

MU . 

0 

•  33 

PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . . . 

2 

.  82 

C,  J/  (G*KJ . 

0 

.  96  (AT  373  K) 

K,  W/(M*K>  . . 

161  (AT  298  K) 

ALPHA,  10-6  H/(H*K)  .  . 

•  "  ™  “  1 

23 

.  0  (293  TO  373  K) 

FOR  OIE  FORGINGS,  T  INDICATES  ANY  GRAIN  DIRECTI ON  NOT  WITHIN  +  15  DEGREE  OF 
BEING  PARALLEL  TO  T HE.  FORGING  FLOW  LINE.  WITH  THE  AXIS  OF  THE  SPECIMEN 
.  LOCATED  AS  CLOSE  TO  THE  SHORT  TRANSVERSE  OIDECTION  AS  POSSIBLE 
c8E« RING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4. 7.1. 

THE  THICKNESS  COLUMNS  AiE  FOR  THF  A S-HE AT -TREATED  THICKNESS.  TO  ENTER  THE 
TABLE  USE  THE  HIGHER  0=  THE  HEAT-TREAT  THICKNESS  OR  ON£-HALr  Oc  THE 
AS-FORGEO  THICKNESS. 


L 


VI 

J 

) 

\ 


i 


4 

i 


'i 


i 


i 


i 

'1 

dt\ 

i 

i 


‘V* 

"?■ 


i 


3-239 


TABLE  ,.7.2.0(01.  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

7050  ALUMINUM  ALLOY  (HAND  FORGINGS) 


E,  GPA., 
EC,  GPA. 
G,  GPA.. 
HU ..... . 


PHYSICAL  PROPERTIES  I 

OMEGA,  MG/M3  .  . . . 

C,  J/(G*K) . 

K,  H/  (M*K) . . . . . 

ALPHA,  10-6  M/(M*K) 


SPECIFICATION . 

AMS  A1C8 

FORM . 

CONDITION . 

T  736  5  2 

THICKNESS,3  MM . j 

50.82- 

76.22- 

101.62-j 

12  7.  02- 

152.42-  1  77.  82- 

! 

<50.81  ! 

76.21 

101.61 

152  .41 

177. 81 

2C3.20 

BASIS . j 

S 

c 

S 

S  i 

S 

J 

c 

MECHANICAL  PROPERTIES t 

• 

FTU,  MPA  1 

. . 

496 

496 

490 

483 

4  76 

469 

462 

LT . 

490 

463 

463 

476 

4  69 

462 

455 

ST . 

•  •  • 

462 

4  62 

455 

455 

44fi 

441 

FTY ,  MPA  1 

L . 

434 

427 

421 

414 

407  | 

4CC 

393 

LT . 

421 

414 

407 

386  | 

372 

359 

ST . 

•  •  • 

3  79 

379 

372 

|  365  ! 

352 

345 

FCY,  MPA l 

1 

i 

L . . . 

441 

4  34 

427 

421 

4 14  j 

407 

4C0 

LT . 

448 

441 

434 

427 

414 

40  0 

366 

ST . 

•>  •  • 

4  21 

421 

414 

1  393 

379 

FSU,.  MPA . 

290 

283 

2  83 

283 

I  270  ; 

2  69 

269 

FBRU  ,  MPA  I 

!  1 

(E/0=  1.5) . 

689 

683 

683 

669 

662 

655 

641 

<E/0=2.0) . 

903 

896 

8  96 

88  3 

8  69 

855 

o4  1 

FBRYb,  MPA! 

1 

<fc/D=i.5) . 

593 

566 

5  72 

565 

(  545 

524 

50  3 

( E/0=  . . 

696 

669 

676 

662 

641 

621 

593 

EL,  PERCENT! 

L . 

9 

9 

9 

9 

9 

9 

9 

LT . 

5 

5 

5 

4 

4 

4 

4 

ST . . 

l  «  t 

4 

4 

3 

3 

3 

3 

70.2 

73.1 

26.9 

0.33 


z.ec  ■ 

0.96  (AT  373  K) 
161  (AT  298  K) 

23.0  (293  TO  373  K) 


*WHF.N  HAND  FORGIMGS  ARE  MACHINED  BEFORE  HEAT  TREATMENT,  THE  SECTION 
THICKNESS  AT  TIME  OF  MEAT  TREATMENT  SHALL  DETERMINE  THE  MINI  MUM 
MECHANICAL  PROPERTIES  AS  LCNG  AS  THE  ORIGINAL  (AS-FORGEL)  THICKNESS  C  OE:> 
NOT  EXCEEO  THE  MAXIMUM  THICKNESS  FOR  THE  ALLOY  AS  SHOWN  IN  THE  TABLE. 
“BEARING  VALUES  ARE  DRY  FIN  VALUES  PER  SECTION  1.4. 7.1. 
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Strain,  0.001  m/m 

Compressive  Tangent  Modulus,  GPa  (x  10) 


FIGURE  3.7.2.1.6(b).  Typical  compressive  stress-strain  and  tangent 
modulus  curvet  for  7050-T73651  alum'nua  alloy 
(place)  ac  room  temperature. 


Strain,  0001  m/m 


3.7.3  7075  ALLOY 


3. 7. 3.0  Comments  and  Properties. — 7075  is  a 
high  strength  Al-Zn-Mg-Cu  alloy  and  is  available 
in  a  wide  variety  of  product  forms.  It  is  also 
available  in  several  types  of  tempers,  the  T6,  T73 
and  T76-type.  The  T6  temper  has  the  highest 
strength  and  lowest  toughness,  and  is  susceptible 
to  stress-corrosion  cracking.  Since  toughness 
decreases  with  a  decrease  in  temperature,  the  T6 
temper  is  not  generally  recommended  for 
cryogenic  applications.  The  T73  temper  has  the 
lowest  strength,  but  is  relatively  tough  and  very 
resistant  to  stress-corrosion  cracking  and  exfolia¬ 
tion  attack.  The  T76  temper  is  a  compromise  pro¬ 
viding  higher  strength  than  the  T73  temper  and 
higher  resistance  to  corrosion  than  the  T6  temper. 
Refer  to  Section  3. 1.2.3  for  comments  regarding 
the  resistance  of  the  alloy  to  stress-corrosion 
cracking,  and  to  Section  3. 1.3.4  for  comments 
regarding  the  weldability  of  the  alloy. 

Some  material  specifications  for  7075 
aluminum  alloy  are  presented  in  Table  3.7.3.0 
(a).  Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  3.7.3.0(b)  through 
(L)  .The  effect  of  temperature  on  the  physical 
properties  of  this  alloy  is  presented  in  Figure 
3. 7. 3.0. 

Table  3.7.3.0(a).  Material  Specifications  for  7075 


Aluminum  Alloy 


Specification 

j - 

Form 

QQ-A-250/12,  24 

Bare  sheet  and  plate 

QQ-A-250/13,  25,26 

Clad  sheet  and  plate 

QQ-A-225/9 

Roiled  or  drawn  bars, 
rods  and  wire 

QO-A-200/1 1,  15 

Extruded  bar,  rod,  and 
shapes 

MIL-A-22771 

Forgings 

The  temper  index  for  7075  is  as  follows: 


Section  Temper 

3.7.3. 1  T6,  T651,  T652.  T6510,  T651 1 

3.7. 3. 2  T73,  T7351,  T7352,  T73510, 
T73511 

3.7. 3. 3  T76,  T7651,  T76510,  T7651 1 

3.7.3. 1  76.  T651.  T652.  T6510,  T6511 
Temper. — Room  and  elevated  temperature  data 
for  this  condition  are  presented  in  Figures 


3.7.3.1.1(a)  through  3.7.3.1.8(f)  as  follows: 

Figures  3.7.3.1.1(a)  and  (b)  permit  calculation 
of  residual  tensile  strengths  for  complex  thermal 
exposure  conditions.  They  arc  based  upon  the 
rate  parameter  T(C  +  log  t),  in  which  T  is  ex¬ 
posure  temperature  in  degrees  Rankinc,  t  is  ex¬ 
posure  time  in  hours  and  C  is  a  constant  evaluated 
for  each  material.  These  curves  have  been 
verified  for  use  only  within  the  ranges  of  tem¬ 
peratures  and  exposure  times  covered  in  the 
figures.  The  following  example  illustrates  their 
use. 

Sample  problem:  Find  7„,at394  Kfollowing  a 
complex  exposure  of  422K,  8  hours  plus450  K,  1 
hour. 

1.  Reduce  given  complex  exposure  by  convert¬ 
ing  450  K  exposure  to  equivalent  exposure 
time  at  422  K.* 

a.  On  the450  Ksingle  exposure  temperature 
line  find 450  K,  1  hour. 

b.  From  this  point  move  vertically  to  the  422 
K  exposure  temperature  line  and  then  read 
right,  12  hours  exposure. 

c.  Total  equivalent  exposure  time  at422  Kis 
therefore  8  hours  +  1 2  hours  or  20  hours. 

2.  Find  7,uat  394  K  following  422  K.  20  hours 
exposure: 

a.  On  the  422  K  exposure  temperature  line 
find  422  K,  20  hours. 

b.  From  this  point  move  vertically  to  the  394 
K  test  temperature  curve  and  then  read 
left,  76  percent  F,u. 

Solution:  F,„  is  76  percentof  the  original  room 
temperature  Ftu  .  7(Y  is  determined  in  like  man¬ 
ner.  Fcy  can  be  closeiy  estimated  by  using  the  per¬ 
cent  reduction  factor  determined  for  Fty  For 
specific  data  see  Reference  3.7.3. 1. 

Stressed  Thermal  Exposure — Stress  applied 
during  simple  and  complex  thermal  exposure  of 
7075-T6  can  have  an  additional  effect  in  reducing 
material  strength.  However,  the  effect  becomes 
significant  only  when  exposure  strains  exceed  0.2 
percent.  For  specific  data,  see  Reference  3.7.3. 1. 

Figures  3.7.3.1.1(c)  through  3.7.3.1.5(b)  pre¬ 
sent  effect  of  temperature  curves  for  various 
mechanical  properties. 


'Choice  of  reference  icmpcranirc  is  opnon.il  as  long  as  u  per- 
mils  compulation  uiihin  ihc  bounds  of  the  figuies. 
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Figurcs  3.7.3. 1.6(a)  through  (m)  present  tensile 
and  compressive  stress-strain  curves  and  tangent- 
modulus  curves  for  various  tempers  and  at  a  num¬ 
ber  of  temperatures. 

Figures  3.7.3. 1 .6(n)  through  (q)  arc  full-range 
stress-strain  curves  for  various  tempers. 

Figures  3.7.3.1.7(a)  through  (h)  are  creep  and 
stress-rupture  curves  for  T6  temper  at  several 
temperatures. 


Figures  3.7.3.1.8(a)  through  (0  provide  room 
temperature  fatigue  curves  for  T6  temper  prod¬ 
ucts. 

3. 7. 3. 2  T73.  T735I,  T7352.  77 3510.  T7351I 
Tempers.  —  Figures  3.7.3.2.6(a)  through  (d) 
present  stress-strain  and  tangent-modulus  curves 
for  various  products  and  tempers. 

Figures  3.7.3.2.6(e)  and  (0  are  full-range 
stress-strain  curves  at  room  temperature  for  ex¬ 
trusion. 

3.7. 3. 3  776.  T7651,  T765I0.  T76S11  Tempers. 


1 


SPECIFICA 
FOPM... .. 
TEMPER. .. 
Till  CKNE  SS 


QQ-A-250/1 2 


_ SHEET 


T6  AND  T62 


MECHANICAL  PROPERTIES! 


F8RU",  MPA! 
(E/0=i.5> 
( E/D=2.0> 
FBrA  MPA! 

( E/0=1. 5) 
(E/0=2.C) 
El,  PERCENT! 

L . 

LT . 

ST . 

E,  G PA . 

EC,  GPA . 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . 

C,  J/(G*K) . . . 

K,  W/(H*K) . 

ALPHA,  10-6  M/(M*K> . . 


2.  83 

0.96  (AT  373  K) 
132  (AT  298  K) 
23.2  (293-373  K) 


*THE  ALL0HA8LES  SHORN  FOR  THESE  TEMPERS  ARE  eASEO  ON  AND  HAVE 
FROM  THE  RESUlTS  OBTAINED  ON  TESTING  OF  T6  ANO  T651  TEMPER 
TESTING  OF  T62  TEMPFR  SAMPLES  FOR  SPECIFICATION  CONFORMANT 
ALLOWABLES  ALSO  APPLY  HHEN  SAMPLES  OF  MATERIAL  SUPPLIEO  IN 
TEMPER  ARE  HEAT  TREATED  TO  DEMONSTRATE  RESPONSE  TO  HEAT  TE: 
PROPERTIES  03TAINFD  BY  THE  USER  HOWEVER,  MAY  BE  LOWER  THAN 
THE  MATERIAL  HAS  BEEN  FORMED  OR  OTHERWISE  COLD  OR  HOT  WORK: 
.IN  THE  ANNEALED  TEMPER,  PRIOR  TO  SOLUTION  HEAT  TREATMENT. 
SEE  TABLE  3. 1.2. 1.1.  BEARING  VALUES  AP.E  DRY  PIN  VALUES  PER 
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3EEN  DETERMINED 
MATERIAL  ON  THE 
.;  THESE 
THE  0  OR  F 
ATHENT. 

THOSE  LISTFO  IF 
0,  PARTICULARLY 

SECTION  1.4, 7.1. 
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TABLE  3.7.3.0(E) 


OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
CLAO  7075  ALUMINUM  ALLOY  (SHEET) 


i 


) 

i 


SPECIFICATION . 

QQ-A-250/13 

FORM . 

SHEET 

temper. . 

T6 

AND  T 62“ 

THICKNESS,  MH . 

0.20- 

1  0.30-  I 

i  l.OL-  | 

1.59- 

4.77- 

0.29 

l.C 

)0 

1.5 

8 

4.76 

6.33 

BASIS . 

S 

A 

B 

A 

B 

A 

B 

A 

B 

MECHANICAL  PROPERTIES! 

FTU,  MPA! 

. . 

•  •  t 

483 

50  3 

496 

510 

503 

517 

517 

531 

LT . 

469 

483 

503 

496 

510 

503 

517 

517 

531 

1 

ST . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

FTY ,  HPAI 

. . 

•  •  • 

427 

44  8 

441 

455 

448 

462 

455 

469 

LT . 

400 

414 

434 

'  427 

441 

434 

448 

441 

455 

ST . 

•  •  • 

«  «  • 

•  •  • 

•  •  • 

•  •  • 

•  «  • 

4  44 

•  •  • 

FCY,  MPA! 

. . 

•  •  • 

421 

441 

434 

448 

441 

455 

448 

462 

LT . 

•  •  • 

441 

462 

455 

4  69 

462 

476 

4  69 

4B3 

FSU,  MPA . 

«  »  • 

290 

303 

296 

303 

303 

310 

310 

317 

FBRU,  MPA! 

( E/Q=l. 5) . 

•  •  • 

745 

779 

772 

793 

779 

800 

8  00 

821 

( £/D=2. 0 ) . 

965 

1010 

993 

1020 

1010 

1030 

1030 

1060 

FBRY ,  HPAl 

; 

( F/0=1. 5) . 

•  •  • 

621 

64  8 

641 

!  662 

64  8 

669 

662 

68  3 

(t/0=2.CJ . 

•  •  • 

724 

75  8 

745 

772 

758 

786 

772 

79  3 

EL,  PERCENT! 

. . 

•  *  • 

7 

•  •  • 

8 

•  •  • 

8 

•  •  4 

8 

•  •  • 

LT . 

5 

7 

•  •  « 

8 

•  •  • 

8 

•  •  • 

8 

44  4 

ST . 

•  «  • 

•  ♦  • 

«  •  « 

•  •  • 

•  •  • 

•  •  • 

*  4  • 

4  44 

•  •  • 

E,  G  PA! 

PRIMARY . 

71,0 

71 , 

.0 

71. 

.0 

SECONDARY . 

65.5 

67 

.6 

68. 

.9 

EC,  GPAl 

PRIMARY . 

72.4 

72 

.4 

72 

.4 

SECONDARY . 

66.9 

68 

.9 

70 

.3 

G,  G  PA . 

•  •  • 

•  • 

• 

•  • 

• 

MU . 

ft  ™  "•  m  *  *  « 

0.33 

ft  *■*““*"*  * 

ft 

0 

.33 

4 *rr 1 

0 

.33 

4*"“ 1 

PHYSICAL  PROPERTIES!  j 

OMEG  A  ,  MG/M3 .  I  2.80 

C,  J/(G*K> .  !  ... 

K,  W /  (H*K)  .  <■ .  1  ... 

ALPHA,  10-6  m/(m*K)..  I 

a  “  *  “  •  •  •*  •  •  * 

THE  ALLOWABLES  SHOWN  FOR  THESE  TEMPERS  ARE  BASED  ON  AND  HAVE  BEEN  DETERMINED 

FROM  THE  RESUuTS  OSTAINEu  ON  TESTING  OF  T6  AND  T651  TEMPER  MATERIAL  AND  ON 
THE  TESTING  OF  T6 2  TEMPER  SAMPLES  FOR  SPECIFICATION  CONFORMANCE.  THESE 
ALLOWABLES  ALSO  APPLY  WHEN  SAMPLES  OF  MATERIAL  SUPPLIED  IN  THE  0  OR  F 
TEHPER  ARE  HEAT  TREATED  TO  DEMONSTRATE  RESPONSE  TO  HEAT  TREATMENT. 
PROPERTIES  OBTAINED  BY  THE  USER  HOWEVER,  MAY  BE  LOWER  THAN  THOSE  LISTED  IF 
THE  MATERIAL  HAS  BEEN  FORMED  OR  OTHERWISE  COLD  OR  HOT  WORKED,  PARTICULARLY 
IN  THE  ANNEALED  TEHPER,  PRIOR  TO  SOLUTION  HEA'  TREATHENT. 

“SEE  TABLE  3.1. 2.1.1.  BEARING  VALUES  ARE  ORY  PIN  VALUES  PER  SECTION  1.4. 7.1. 
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TABLE  3.7.3.0(G).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
CLAD  7075  ALUMINUM  ALLOY  (SHEET  ANO  PLATE) 


SPECIFICATION. 

FORM . 

TFHPER . 

THICKNESS,  KM. 


SHEET 

T76 


_9Q-Ar250/25 


PLATE 

T7651 


BASIS. 


3.17- 
I* .  76 

S 


6.34- 

12.68 

S 


12.69- 

25.40a 

"~S 


MECHANICAL  PROPERTIES ) 
FTU,  NPAt 

L . 

LT . . 

ST . 

FTY ,  MPA  1 

L . 

LT . 

ST . . . 

FCY,  MPA  t 

. . 

lt....: . 

ST . 


FSU,  ,MPA.  .  • .  , 
FBRU,  MPA: 

( E/0=1. 5) 
(E/0=2.  G) 
FBRYb,  HPA! 

( E/D=1.5) 
(E/0=2.0) 
EL,  PERCENT  I 

. . 

LT . 

ST . 


E»  GPAJ 

PRIMARY . 

71.0 

71.0 

SECONDARY . 

67.6 

60.9 

EC,  GPAt 

PRIHARY . 

72.4 

72»<» 

SECONDARY . 

68.9 

70.3 

G,  G  PA . 

•  •• 

•  •  « 

HU . 

o 

• 

04 

04 

i 

0.33 

PHYSICAL  PROPERTIES: 

OMEGA,  HG/U3 . .  . 

2. 

C»  J  /  (G*K) . .  , 

0. 

K«  W/  . . .  . 

151 

ALPHA,  10-6  M / (M*K>. . 

23. 

‘THESE  VALUES  HAVE  BEEN  ADJUSTED  TO  REPRESENT  THE  AVERAGE  PROPERTIES  ACROSS 
THE  WHOLE  SECTION,  INCLUDING  THE  i-i/2  PERCENT  PER  SIDE  NOMINAL  CLADDING 
b  THICKNESS. 

SEE  TABLE  3. 1.2.1.  BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4. 7.1. 
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TABLE  3. 7.3.01L3  J 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
7075  ALUMINUM  ALLOT  (EXTRUSION) 


LEGS  SHALl  3E  DETERMINED  ON  THE  BASIS  OF  THE  PROPERTIES  IN  THE  APPROPRIATE 
.  COLUMN  CORRESPONDING  rO  THE  LEG  THICKNESS. 

BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4. 7.1, 


Percent  Ftv  at  Room  Temperature  o  Percent  F^,  at  Room  Temperature 


JRE  3.7.3.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 
strength  (Ftu)  of  7075-T6,  T651,  T6510,  and 
T6511  aluminum  alloy  (all  products) . 


Test 

Temperature,  K 


Exposure  Temperature,  K 


FIGURE  3.7.3.1.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(Fty)  of  7075-T6,  T651,  T6510,  and  T6511  aluminum 
alloy  (all  products) . 


3-260 


Exposure  Time,  hours  Exposure  Time,  hours 


Percent  at  Room  Temperature 


FIGURE  3.7.3.1.1(d).  Effect  of  temperature  on  the  tensile 

yield  strength  (Ft,.)  of  7075-T6, 

T651,  T6510,  and  T6511  aluminum  alloy 
(all  products). 


Percent  F^,,  a*  Room  Temperature  Percent  FCy  at  Room  Temperature 


FIGURE  3.7.3.1.2(a).  Effect  of  temperature  on  the  compressive 

yield  strength  (FCy)  of  7075-T6,  T651, 
T6510,  and  T6511  aluminum  alloy  (all 
products) . 


FIGURE  3.7.3.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (Fsu)  of  7075-T6,  T651, 
T6510,  and  T6511  aluminum  alloy  (all 
products) . 
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FIGURE  3.7.3.1.3(a) 


Temperature,  K 

Effect  of  temperature  on  the  ultimate 
bearing  strength  (F{,ru)  of  7075-T6, 
T651,  T&510,  and  T6511  aluminum  alloy 
(all  j/roducts). 


Strength  at  temperature 
Exposure  up  to  1000  hr 
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FIGURE  3.7.3.1.3(b).  Effect  of  temperature  on  the  bearing  yield 

strength  (Fbry)  of  7075-T6,  T651 ,  T6510, 
and  T6511  aluminum  alloy  (all  products). 
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FIGURE  3.7. 3. i. U.  Effect  of  temperature  on  the  tensile  and 


compressive  moduli  (E  and  Ec)  of  7075 


aluminum  alloy. 
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FIGURE  3.7.3.1.5(a).  Effect  of  temperature  on  the  elongation  of  7075-T6. 

T651,  T6510,  and  T6511  aluminum  aJJoy  (all 
products  except  thick  extrusions) . 


Temperature,  K 

FIGURE  3.7.3.1.5(b).  Effect  of  exposure  at  elevated  temperatures  on  the 

elongation  of  7075-T6,  T651,  T6510,  and  T6511 
aluminum  alloy  (all  products  except  thick  extrusions) 
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FIGURE  3.7.3. 1.6(m).  Typical  tensile  stress-strain  and  compressive  stress- 

strain  and  tangent-modulus  curves  for  7075-T62  alum¬ 
inum  alloy  (extrusion)  at  room  temperature. 
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FIGURE  3. 7. 3. 1.6(n) . 


Typical  tensile  stress-strain  curve  (full  range)  f 
7075-T6  aluminum  alloy  (sheet)  at  room  temperature 
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Stress,  Vi  Pa 


FIGURE  3. 7.3. 1.6(o) .  Typical  tensile  stress-strain  curve  (full  range)  for 

7075-T6  and  T651  aluminum  alloy  (rolled  or  cold-finished 
bar)  at  room  temperature. 
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FIGURE  3. 7. 3. 1. 6(p)  . 


Typical  tensile  stress-strain  curves  (full  range)  f 
7075-T651  X  aluminum  alloy  (extrusion)  at  room  temp 
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FIGURE  3.7.3  1.7(a).  Creep  data  for  7075-16  aluminum  alloy 

(clad  sheet)  at  422  K. 

Deformation  includes  thermal  expansion 
of  0.30  percent.  Heating  rate  294  K 
per  second. 
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FIGURE  3.7.3.1.7(b).  Creep  data  for  7075-T6  aluminum  alloy 

(clad  sheet)  at  478  K. 

Deformation  includes  thermal  expansion 
of  0.43  percent.  Heating  race  297  K 
per  second. 
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figure  3.7.  3.1.7  (e)  Creep  ond  stress- rupture  properties  of  wrought  7075-T6 

aluminum  alloy  at  30 8  k. 
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FIGURE  3.7. 3.1.7  (h).  Creep  and  stress-rup 
aluminum  alloy  at  46 
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FIGCRE  3 .7 .3 , 1 . 3(4) .  Typical  conscanc-llfe  diagram  for  fadgue  behavior  of 
various  wrought  produces  of  7075-T6  aluminum  alloy 


Correlative  Information  for  Figure  3.7.3.1.8(a) 


Product  Form:  Drawn  Rod,  19.1mm  diameter 

Rolled  bar  and  rod,  31.8  mm  diameter 
25  x  190  mm  and  28.6  mm  diameter 
Extruded  rod  and  bar,  31. 8  mm  diameter 
31.8  x  31.8  ram,  31.8  x  102  mm 


Properties: 

TUS.MPa 

TYS,  MPa 

Temp,  K 

601 

535 

RT  (Unnotchcd) 

679 

— 

RT  (Notched) 

Test  Parameters: 

Loading  —  Axial 
Frequency  —  2000  cpin 
Temperature  —  RT 
Atmosphere  —  Air 


Specimen  Details: 


Unnotched:  Notched,  V-Groove,  K,  =  3.4 

10.2  mm  diameter  11 mm  gross  diameter 

10.2  mm  net  diameter 
0.25  mm  root  radius,  r 
60°  flank  angle,  <o 


Kn=  1.99,  P  =  0.356  mm,'vhcreKN=  1  + 


K,  -  1 


1  + 


7T 

TT~XO~\J  r 


Surface  Condition:  Unnotchcd:  longitudinal  polish,  900  grit 
Notched:  as  machined. 


A:  3  00  1.67  I  060  033  0J4  0 


FIGURE  3.7.3.1.8(b).  Typical  constant-life  diagram  for  unnotched  fatigue  behavior  of  7075-T6  aluminum 
alloy. 


Correlative  Information  for  Figure  3.7.3.1.8(b) 


Product  Form:  2.29  mm  bare  sheet 


Test  Parameters: 
Loading  —  Axial 
Frequency  —  1 100  to 
1200  cpm 
Temperature  —  RT 
Atmosphere  —  Air 


Properties:  TUS,  MPa  TYS.MPa  Temp.K 

569  524  RT 


Specimen  Details:  Unnotched: 

25.4  metres  wide 


Surface  Condition:  Electropolished. 
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Mmmjm  Stress,  MPo 


Figure  3.7.3.1.8(c). 


Product  Form:  2. 


Properties: 


Specimen  Details: 


Typical  constant-life  diagram  for  notched  fatigue  behavior  of  7075-T6  aluminum 
alloy. 


Correlative  Information  for  Figure  3.7.3.1.8(c) 


29  mm  bare  sheet 


Test  Parameters: 
Loading  —  Axial 
Frequency  —  1 1 00  to 
1500  cpm 
Temperature  —  RT 
Atmosphere  —  Air 


,'US,  MPa  TYS.MPa 
569  524 

598  — 


Temp.  K 
RT  (Unnotched) 
RT  (Notched) 


Notched.  Edge,  Kt  =  !  .5 
76.2  mm  gross  width 
38 . 1  mm  net  width 
3.9  -  3  mm  root  radius,  r 
0°  flank  angle,  w 


Kn  =  1-44,  p  =0 .432  mm,  where  Kn  =  1  + 


Kt-1 

fj 

*  +  n~ct)~\]  r 


Surface  Condition:  Electrcpolished. 


FIGURE  3.7.3.1.8(d).  Typical  constant-life  diagram  for  notched  fatigue  behavior  of  7075-T6  aluminum 
alloy. 

Correlative  Information  for  Figure  3.7.3.1.8(d) 

Product  Form:  2.29  mm  bare  sheet  Test  Parameters: 

Loading  —  Axial 
Frequency  —  1100  to 
1500  cpm 

Temperature  —  RT 
Atmosphere  —  Air 

Properties:  TUS,  MPa  TYS,  MPa  Temp,  K 

569  524  &T  (Unnotched) 

603  —  RT  (Notched) 

Specimen  Details:  Notched,  Edge,  Kt  =  2.0 

5)  .2  vm  gross  width 
38.1  mm  net  width 
8.06  mm  root  radius,  r 
0°  flank  angle,  w 

Kn=  1.81,  p  =  0.432  mm  where  Km  =  1  + 


Surface  Condition:  Electropolished. 


K,-l 
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FIGURE  3.7.3.1.8(f)-  Typical  constant-life  diagram  for  notched  fatigue  behavior  of  707S-T6  aluminum 
alloy. 


Correlative  Information  for  Figure  3.7.3.1.8(f) 


Product  Form:  2.29  nm  bare  sheet 


Test  Parameters: 
Loading  —  Axial 
Frequency  —  1 100  to 
1500  cpm 

Temperature  —  RT 
Atmosphere  —  Air 


Properties: 


TUS,  MPa  TYS.MPa 
569  524 

534  — 


Tcmp.K 

RT  (Unnotched) 
RT  (Notched) 


Specimen  Details: 


Notched,  Edge,  K!  =  5.0 
57.2  mm  gross  width 
38.1  mm  net  width 
0.79  mm  root  radius,  r 
0®  flank  angle,  w 


Km  =  3.31,  p  =0.432  mm 


where  =  1  + 


Ki-  1 

rr  I  £ 

rr-wsj  7 


Surface  Condition:  Electropolished. 
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fnmnraseiva  Tnr'QMt  Modulus,  GPo  (x  10) 


FIGURE  3.7.3.2.6U). 


Typtca 1  tensile  stress-strain  and  cenpresstve  stress 
strain  and  tangent -modulus  curves  for  7075-T7351X 
alualnua  allov  (extrusion)  at  room  tesperacure. 


C  2  A  6  8  tO  12 

Strain,  0001  m/m 

Compressive  Tongent  Modulus,  GPo  (x  10) 


FIGURE  3.7.3.2.6(b).  Typical  tensile  stress-strain  and  compressive  stress 
strain  and  tangent-modulus  curves  for  7Q75-773  alunl 
nun  allov  (extrusion)  at  coon  temperature. 
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rtrrar  t  7.)  Typical  tens  tie  stress-serai**  curvet  for  /O’S-T"?}- 

aluslaua  allov  *'hjnd  fef6;as>  ac  swi  te^peracure . 
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FIGURE  3.7.3.2.6(e).  Typical  tensile  stress-strain  curves  (full  range)  for  7075-T7351X 
alunlnum  alloy  (extrusion)  at  room  teaperacure. 
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3.7.4  7079  ALLOY 


The  temper  index  for  7079  is  as  follows: 


3. 7. 4.0  Gmur.ents  and  Properties. — 7079  is  a 
high-strcr.gth  Al-Zn  alloy  available  in  a  wide 
range  of  product  forms.  Refer  to  Section  3. 1.2. 3 
f<;<  comments  regarding  the  resistance  of  the  alloy 
to  stress-corrosion  cracking,  and  to  Section 
3  1.34  for  comments  regarding  the  weldability  of 
the  alloy. 


Section  Temper 

3.7.4. 1  T6,  T65I,  T652,  T6510,  T65I I 


Material  specifications  for  7079  are  presented 
in  Table  3.7.4.1(a).  Room  temperature  mechani¬ 
cal  ar.u  physical  properties  arc  shown  in  Table 
3.7.4.0(b)  thiough  (h).  The  effect  of  temperature 
on  physical  properties  is  shown  in  Figure  3.7.4.O. 


3.7.4. 1  T6.  T65I,  7652,  765 10.  and  T6511 
Tempers. — Effect-of-tcmperature  curves  arc  pre¬ 
sented  in  Figures  3.7.4.1.1(a)  through 
3.7.4.1.5(b)  for  various  mechanical  properties. 


Table  3.7.4.0(a).  Material  Specifications  for  7079 
Aluminum  Alloy 


Figures  3.7.4.1.6(a)  through  (g)  present  tensile 
and  compressive  stress-strain  curves  and  tangent 
modulus  curves  at  room  temperature.  Figures 
3.7.4. 1.6(h)  through  (j)  are  full-range  stress- 
strain  curves  at  room  temperature. 


Specification  Form 

OQ-A-200/12  .  Extrusions 

QO-A-250/17  .  Bare  sheet  and  plate 

QQ-A-250/27  .  7011  clad  sheet  and 

plate 

OQ-A-250/23  .  One-side  clad  sheet 

MIL-A-8923  .  Clad  sheet  and  plate 

MIL-A-22771 .  Foraines 
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TABLE  3.  7.A.0(B1).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  CP 
7079  ALUMINUM  ALLOY  (SHEET  AND  PLATE) 
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SEE  TABLE  3.1. 2.1.1.  BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SELT  I  ON  1.4 
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Temperature,  K 


FIGURE  3.7.4.1.1(a).  Effect  of  temperature  on  the 

ultimate  tensile  strength  (Ft  ) 
of  7075  aluminum  alloy.  '~J 
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Temperature,  K 

FIGURE  3.7 .A. 1.1(c) .  Effect  of  exposure  at  elevated  temperatures  on 

the  room-temperature  ultimate  tensile  strength 
(F  )  of  7079-T6  aluminum  alloy  (hand  forgings). 


Temperoture,  K 

FIGURE  3.7.4.1.1(d).  Effect  of  exposure  at  elevated  temperatures  or.  c^e 

room-temperature  tensile  yield  strength  (F  )  of 
7079-T6  aluminum  alloy  (hand  forgings) . 
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Temperoture,  K 


FIGURE  3.7.4.1.5(b) . 


Effect  of  exposure  at  elevated  temperatures  on  the 
elongation  of  7079-T6  aluminum  alloy  (hand  forgings) 


Strain,  0001  m/m 

Compressive  Tangent  Modulus,  GPa  (x  10) 


FICl'RE  3.7.&.l.o<c  i.  Tvpical  tensile  stress «s train  and  coap:  sslve  stress 
strain  and  cangenc-aodulus  carves  for  7079-T62  aluai 
nua  allov  (place)  at  rooa  reaper* cure. 


FICl’RE  >.7.4.1 .old),  Typical  tensile  stress-strain  curves  for  7079 -T65 1>: 

aluaitua  allov  extras  Ion'  a:  rooa  temperature. 


Strain,  OOOJ  m/m 

Compressive  Tangent  Modulus,  GPa  (x  10) 


Strain,  OOOl  m/m 

Compressive  Tangent  Modulus,  GPa  (x  10) 

FtCL*R£  3  “  £.1.6(5).  Typical  censile  )(rtsf*i(riin  and  coasressfve  cress* 

strain  and  tingenc*aodulus  curves  for  ?0T°-T63  iljtinua 
a! lov  i exerosion)  ac  rooa  cerperature 
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3.7.5  7175  Al.LOY 

3. 7. 5.0  Comments  and  Properties. — 7175  is  a 
high-strength  Al-Zn-Mg-Cu  alloy  available  only 
in  the  form  of  die  <ind  hand  lurgings.  Die  forgings 
arc  available  in  the  T66  and  T736  tempers,  while 
hand  forgings  arc  available  in  the  T736  and 
T73652  tempers.  Die  forgings  of  7175-T66 
develop  higher  static  strength  than  7075-T6  forg¬ 
ings  with  fatigue,  fracture,  and  stress-corrosion 
properties  about  equivalent  to  those  of  7075-T6 
forgings.  71 75-T736-typc  die  and  hand  forgings 
develop  static  strengths  about  equivalent  to  those 
of  7G75-T6  forgings,  with  toughness  and  fatigue 
properties  equal  or  superior  to  those  of  7C75-T73 
forgings  plus  high  resistance  to  stress-corrosion 
cracking.  Refer  to  Section  3. 1.2.3  for  comments 
regarding  the  resistance  of  the  alloy  to  stress-cor¬ 
rosion  cracking,  and  to  Section  3. 1.3.4  for  com¬ 
ments  regarding  the  weldability  of  the  alloy. 

Material  specifications  for  7175  die  and  hand 
forgings  are  presented  in  Table  3.7.5.0(a).  Room- 
temperature  mechanical  and  physical  properties 
for  7I75-T66  and  T736  die  forgings  and  7175- 
T736  and  T73652  hand  forgings  are  shown  in  Ta¬ 
bles  3.7.5.0(b)  and  (c). 


T ABI.I:  3  7.5.0(a).  Material  Specifications  for  7175 
Aluminum  Alloy 


Specification 

Form 

AMS  4148  (T66) 

Die  forgings 

AMS  4149  (T736) 

Die  forgings 

AMS  4109  (T736) 

Hand  forgings 

AMS  4179  (T73652) 

Hand  forgings 

The  temper  index  for  7175  is  as  follows: 

Section 

Temper 

3.7.5. 1 

T66 

3.7. 5. 2 

T736,  T73652 

3.7.5. 1  T66  Temper 

3. 7. 5.2  T736  and  T73652  Tempers. — Figures 
3.7.5.2.6(a)  through  (d)  present  tensile  and  com¬ 
pressive  stress-strain  and  tangent-modulus  curves 
for  die  and  hand  forgings. 
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TABLE  3.7.5.0(31.  CESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

7175  ALUMINUM  ALlOY  (CIE  FORGINGS  1 


SPECIFICATION. 

FORM . 

CONDITION . 

THICKNESS  ,  MM  s 


BASIS. 


AMS  A 14 fi  1 _ AHS  L 1 A 9 

_ PIE  FORGINGS 

T66 _ T  756 

<  76.20  <25.41  |  25.42-  - 

_ _ _ _  50.81 

S  S  I  S 


5  0 .62- 
76.20 


MECHANICAL  PROPERTIES i 
FTU»  MPAl 

. . 

T . . . 

FTT,  MPA  t 

L.  . . . 

. . . . 

FCY «  MPAl 

. . 

T . .  . 

FSU;  MPA... . 

FBRUt  MPAl 

( E / C— 1.5)......... 

(E/0-2. 0)  «  ........ 

F8RY,  MPAl 

. . . 

(E/D=2. 0) . 

EL t  PERCENT l 

. . 

. . 

E,  GPA . 

EC,  GPA . 

G,  GPA . 

HU . 


7C.3 

73.8 

26.9 
0.33 


PHYSICAL  FROPESTIESt 

OMEGA,  MG/M3 . 

C,  J/(G*K) . 

K,  H/(H*K> . 

ALPHA,  1C-6  M/  (M.*< )  .  . 


2.80 

0.96  (AT  373  K) 

132  (AT  298  K  FOR  .T66)  ;  156  (AT  298  K  FOR 
23.2  (293  TO  373  K) 


a  FOR  DIE  FORGINGS,  T  INCICATES  ANY  GRAIN  OIRECTICN  NOT  WITHIN  ±15 
OF  BEING  PARALLEL  TO  THE  FORGING  FLOW  LINES.  SPECIMENS  TO  TEST 
TRANSVERSE  PROPERTIES  SHCULO  EE  LCCATEO  Ai  CLCSE  TO  THE  SHORT 
TRANSVERSE  DIRECTION  AS  POSSIBLE. 
b BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1. 4.7.1. 


DEGREES 
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T ABLE  3.  7. 5. 0(0.  CESICN  MECHAN ICU  ANO  PHYSIlAl  PROPERTIES  CF 

7175  AuUIUNUM  AlLOY  (HANC  FORGINGS) 


MECHANICAL  PROPERTIES: 
FTU,  MPA  * 


FTY,  “FA  I 


J  #  O  ^ 

476  i  469 


ST... 
F SU,  ,  MPA 


(E/D= 1.5) 
(E/0=2.Q) 
EL.  PERCENT i 

L . 

LT . 

ST . 

E.  GFA . 

EC,  GPA . 

G,  GPA . 


PHYSICAL  PROPERTIESt 

OHEGA,  MG/H3 . 

C,  J/(G*K) . 

K,  W/(H*K) . 

ALPHA,  10-6  M/(M*K>.. 


2. 60 

0.96  (AT  373  K) 

156  (AT  298  K) 

23.2  (293  TO  373  K) 


‘WHEN  HANO  FORGINGS  APE  HACHINEO  BEFORE  HEAT  TREATMENT,  THt  SECTION  THICKNESS 
AT  TIHc  OF  HEmT  TFEATHENT  SHALw  OETFrMINE  THE  MINIMUM  MECHANICAL 
PROPERTIES  AS  LONG  AS  THE  CCiGINAu  <AS-FC=G£C>  THICKNFSj  LOES  NOT  ExCEL'C 
THE  MAXIMUM  THICKNESS  FOR  THE  AlLOY  AS  SHOHN  IN  THE  TABwE.  THE  MAXIMUM 
CPOSS-SECT 1CNAL  AREA  CF  HANC  FO»\G INGS  IS  101C  SO.  CM. 

’BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4. 7.1. 
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kiUtollinkj 


:  Longitudinal  ‘ 

‘  HI  Long  transverse  ~ 
! 'Short  transverse Zrp 


pZZZ '  Ramberg-Qsgood 

-  ■ — »  -«-  •  n  (longitudinal)  ■  34 

■ -  ■  }T~  HHI !  n  (long  transverse)  »  26 

~ -  T~~  1  ;  n  (short  transverse)  ■  13 

- - - — ; - 1 —  ^l-~j  -~ 

:rr  -r^itrrr:.  typical^::,— 

71"  “I”  'I  IT  Thifln^t;  <101.6  mml 


Strain,  0001  ni/m 

F1GIRE  3. '.5 d.  Tvpical  censtle  scresa-s train  curve*  'or  ?l?5-7"3n 
all**v  rhand  forg Inc*'  a:  rooa  tcapiratur* 


•~?Lonq  Irons  verse  - 
^  Short  tronsverse- 


iLong  transverse^ 


;  longitudinal  I 


] —  Short  transverse  j 


_  Ramberg- Osgood  jp 

*ri 

~  n  (longitudinal)  -  27 
~  n  (long  transverse)  *  17  £ 
—  n  (short  transverse)  ■  19  i 

“  rrn:  typical  ~--Ttr 
*X  .  Thickness:  <101.6  mm  Ztl 


Strom,  0001  m/m 

Compressive  Tangent  Modulus,  GPa  (x  10) 

FIC*.’R£  3.7.5.2,?>d).  Tvpical  compressive  stress-strain  and  tangent- 

modulus  curves  for  7175*7736  aluminum  allov  thand 
forgings)  at  rooa  temperature. 
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3.7.6  7178  ALLOY 


3.7  6.0  Comments  and  Properties. — 7178  is  the 
highest-stre ngth  Al-Zn-Mg-Cu  alloy  available  in 
a  variety  of  product  forms. 

Refer  to  Section  3. 1.2.3  for  comments  regard¬ 
ing  the  resistance  of  the  alloy  to  stress-corrosion 
cracking,  and  to  Section  3. 1.3.4  for  comments 
regarding  the  weldability  of  the  alloy. 

Some  material  specifications  for  7178 
aluminum  alloy  are  presented  in  Table  3.7.6.0(a). 
Room-temperature,  mechanical  and  physical 


Table  3.7.6.0(a).  Material  Specifications  for  71 78 
Aluminum  Alloy 


Specification 

Form 

QQ-A-250/14,  21  . 

Bare  sheet  and  plate 

QQ-A-250/15,  22  . 

Clad  sheet  and  plate 

QQ-A-200/1 3,  14  . 

Extrusions 

QQ-A-25^28  . 

701 1  clad  sheet 

and  plate 

properties  are  shown  in  Tables  3.7.6.0(b)  through 
(c).  The  effect  of  temperature  on  thermal  expan¬ 
sion  is  shown  in  Figure  3. 7.6.0. 

The  temper  index  for  7178  is  as  follows: 

Section  Temper 

3.7.6. 1  T6,  T62,  T65I,  T652,  T6510,  T651 1 

3.7.6. 2  T76,  T7651,  T76510,  T7651 1 

3.7.6. 1  7‘6,  T62,  T651.  T652,  T6510,  T65U 
Tempers. — Effect-of-temperature  curves  are  pre¬ 
sented  for  various  mechanical  properties  in 
Figures  3.7.6.1.1(a)  through  3. 7. 6. 1.5. 

Figures  3.7.6.1.6(a)  through  (1)  present  tensile 
and  compressive  stress-strain  curves  and  tangent- 
modulus  curves  at  room  temperature  for  various 
products  and  tempers. 

Figures  3.7.6. 1.6(m)  and  (n)  are  full-range 
stress-strain  curves  for  extrusions  at  room  tem¬ 
perature. 
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T*»  eu  E  3.7.E.C(C1).  DESIGN  MECHANICAL  ANO  PHY;IlAL  PACPtR'IES  CP 
CLAD  7178  ALUMINUM  ALLOT  (SHEET  AND  PLATE) 


SUPPLIED  IN  THE  0  OR  F  TEMPER  AmE  HEAI  TREATED  TO  OEHONST=ATE  RESPONSE  TO 
NEAT  TREATMENT.  PROPERTIES  CETAINEO  ET  THE  USER.  HOHEVER,  MAY  eE  LONER 
THAN  THOSE  lISTEO  IF  THE  MATERIAL  HAS  BEEN  FOAMEO  OP  OTHEFHISE  COLO  OF.  HOT 
NCRKEO,  PARTICULARLY  IN  THE  ANNEALEO  TEMPER,  FOIOR  TO  SOLUTION  HEAT 
TREATMENT, 
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FOR  EXTRUSIONS  HI TH  OUTSTANCING  LEGS.  THE  LOAO  CARRYING  ABILITY  OF  SUCH 

LEGS  SHALL  eE  OETEnMNEO  CN  THE  8ASIS  OF  THE  PROPERTIES  IN  THE  APPROPRIATE 
COLUHN  CORRESPONDING  TO  iHr  LEG  THICKNESS. 

BEARING  VALUES  ARE  DRY  PIN  V.'wvIES  PFR  SECTION  1.4. 7.1. 


TABLE  3<7<6<C<E2J  •  DESIGN  MF.  -  W.-.-.CAL  wNb  PHYSICAL  PROPERTIED  OF 

"M  7i>  (,  A-.I.OY  I  EX  TRUSI  ON3  ) 


SPECIFIC  ATI  CN .  . 

FORM . . . 

TEMPER . 

CROSS-SECTIONAL  AREA,  MM2 


THICKNESS?  MM. 


BASIS. 


_ £LQ.-A_i  £0  0  /1_3 _ 

E X T R t.‘  CO  ROD,  5aS,  ANO  SHAPES _ 

_  T  62  A _ ' _ 

> 161 30 

<  12900|  .  .  <i£ii’C _ U2  063.C  <..2C65G 

1  :  6.3'-  38.09-  38.09-  63.49- 

<1.55 _ _6.  '■  >  !  38.  08  63.  A  7  6  3.48  76.17 

S  ~p  S*  I  S'  ~  S  S 


MECHANICAL  FROPEKT IES l 
FTU,  MPA l 

L . 

LT . 

FTY,  MPA* 

L . 

LT . 

FCY,  MPA  I 

L . 

LT . 

FSU,  MPA . 

FBRU  f  MPA  t 

(E/0= 1.5) . 

{ E/0=  2.0) . 

FBRY,  MFAJ 

(E/0=1.5) . 

( E/D=  2.0) ...... 

EL,  PERCENT l 

L . 

LT . 

E »  GPA . 

EC,  GPA . 

G,  GPA . 

MU . 


593  593 


531  531 


...  i 


71.  7 
7  3.  8 
27.6 
0.  33 


PHYSICAL  PROPERTIES* 

OMEGA  *  MG/M3 . 

C,  J/(G«K> . 

K,  H/  (M*K> . 

ALPHA,  10-6  M/(M*K) 


2*  82 

3 196  (AT  373  K) 

125  (AT  298  fc) 

2  3.4  (293  TO  373  K) 


THESE  PROPERTIES  APPLY  WHEN  SAMPLES- OF  MATERIAL  SUPPLIED  IN  7  HE  0  OR  r  ’.EMPf.R 
APE  HEAT  TREATED  TO  CtliONS  TEA  T£  RESPONSE  TO  i-EAT  TREATMENT  PROPERTIES 
OBTAINFO  EY  THE  USEF,  HOWEVER,  MAY  BE  LOHEk  THAN  THOSE  LISTED  IF  THE 
MATERIAL  HAS  BEEN  FOPMFG  OR  0THERKI.>E  COLD  OK  HOT  WORKED*  PARTICULARLY  IN 
b  THE  ANNEALEC  TEMPER,  f  F IOR  TO  SOLUTION  HE  AT  TREATMENT. 

FOR  EXT RUSICNS  WITH  OUTSTANDING  LEGS,  THE  LOAD  CARRYING  ABILITY  OF  SUCH  LEGS 
SHALL  EE  DETERMINED  CN  THE  BASIS  CF  THE  PROPERTIES  *  N  Tj-'E  APPROPRIATE 
-  COLUHN  CORRESPONDING  TO  THE  LEG  THICKNESS. 


BEARING  VALUES  ARE  DRY  FIN  VALUES  PER  SECTION  1.4. 7.1. 


W 


t 

i  s 


7178  ALUMINUM  ALLOY  (EXTRUSION) 


SPECIFICATION . 

GQ-A-C020 0/14  I 

FORM,.. .  . . 

EXTRUDED  EAR.  ROD,  ANC  SHAPES  1 

TEMPER . . . 

T76j  T7651G,  T76511  1 

CROSS-SECTICNAL  AREA,,  MM2 

£12SC0  .  _  _  1 

THICKNESS,3  mm . 

3.17- 

6.34- 

12.69- 

19. G4-  [ 

6. 33 

1  2.68 

19.03 

25.40 

EASIS . . . 

S 

s 

s 

S 

MELHANICAL  PROPERTIES t 

i 

FTU,  MPA  * 

. . 

524 

531 

531 

5  31 

LT . 

510 

510 

496 

490 

FT Y,  MPA  t 

. . . 

455 

4  62 

462 

462 

LT . 

434 

434 

J427 

421 

FCY ,  MPA i 

. . 

462 

4  69 

4  62 

462 

LT . 

4  7  E 

476 

469 

462 

FSU,  MPA .  . , . 

290 

296 

296 

296 

F8RU,  MPA  t 

(E/0= 1.5) . 

779 

766 

779 

772 

(E/D=  2.0) . 

965 

972 

965 

956 

FBRY ,  MP  A i 

(E/C=  1.5) . 

621 

634 

634 

634 

(E/0=2.Q-  . *. 

731 

738 

738 

736 

EL,  PERCENT  > 

L . 

LT.. . 

7 

•  •  • 

7 

... 

7 

•  •  • 

7 

•  «  • 

E,  GPA . 

}\ 

EC*  GPA . . 

73 

.8 

G,  GPA . 

27.6 

MU . 

0.33 

PHYSICAL  PROPER! IESJ 

OMEGA,  M  G/M3 . 

2 

82 

C,  J/(G*K> . 

0 

,96  (AT  373  K) 

K,  N/ (M*K) . 

149  (AT  298  K) 

ALPHA  ,  1 0-6  H/ (M*<) . . 

23 

.4  (293  TO  373  K)  f 

aF OR  EXT  FUSIONS  HITH  0 

JTS TANGING  uEGS,  THE  LOAD  CARRYING  AEI_ITY 

OF  SULH  L£S~{ 

SHALL  EE  DETERMINED 

ON  THE  BASIS  OF  THE  PROPERTIES  IN  THE  APPROPRIATE  1 

COLUHN  COFRESFONOING  TO  THE  LEG  THICKNESS. 

“BEARING  VALUES  ARE  ORY  PIN  VALUES  PER  SECTION  1.4 

.7.1. 

I 

|  30 

<a 


o  40 


BBI  B  B  B  R  I 

■BSSHbSSSbS^JSRSbHSBSSSbSBBmSSSSbSRbB 
BBBBBBBB^BBSBBBSBBSbSibbbSSb! 

RBRBBBR III III BBBI RIO BIBia  RIBBl RBBBR  BRA BB iBBaa  BB 
IBBIIIIIBfl  BBaBIRIBBl^lKBINVBlillBRIVBlMIIIIIB! 


BPBBBIBBBB tflIIB  RBBBBBBBBbI 
BIBBIlIBBlIBIIlIBBRaiBlBlI 


■  BBBB  BIBBB  BBBBfl  ■IBBIf''UB  BBBBBBBBB  B  B«BBB  IBBBB  IBI 
IbbBBB  BIIBB  BBBBSBBBira  BB^#B  BBBBB  IBBBBBBBBBIBBBBBa|| 

■  ■BBS  RIIMBBBlBBBIBSBBIB^MBBa  IBBBB  BBBBB  BBRBBBBH 

aaaaa  aiaaa  aaaaa  aasaa  aaaaa  >.'BBaa  aaaa  aaaaaa  aa  aa  a  aa  WWIVVVVNVVVIIiVViVVVVfililVna| 
■aaaaiiiaaBiaaaBiaaigiaaflfelfliiaaBa aaaaa iaiaa aaaaa RaaaaasBaaiiaaaaBaaaaaaaaaaflaa I 
«aaaa  Biiaa  lasa  a  Baaaa  ftBaaa  aa^'aa  Baaaa  aaaa  b  lasaa  aaaia  laaBaanu  aaaaa  taaaa  naaaaBaaaa  I 


Strength  at  temperature 
Exposure  up  to  £  hr 


BUtBBSBaaBSBSaBBBSSBBSBB  BIBBB  BBBBB BBBB a IBBBB IBBBB  BBBBB BBBBBBaBBaa BBBBBBBBB 
BIBB  BBBBBlBBBSB  BBBBB  BBBBB  B'tBBB  BBBBB  IBB  BBB8BBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB 
NHuaa  aiaaa  Bmi  BBBBB  bbbbb  bub*  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB 
BsaBBBaaBaaaBBBa«BBBMBBBBaiiBflk'ainiaaBaBaaBMBaaaaB8BBaBB8BaBBBBBBaaaaBBBaaBaaBa 

I UKaa  Biiaa  bbbbb  bbbbbbbbbii bbbbb  Baa.  VBaBBaBBBBBnBaaBaBBBBaaaaiBaBiBaBaaaaaaBBaBBB 
BBBIBB  BIBB BBBBB BIBBB BBBBB BBBBB  BBBI^ BBBBB BBBBBBBaBB IIBBBBBBBI BBBBB  BBIBB BBBaB  BBBBB 
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FIGURE  3.7.6.1.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 
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aluminum  alloy. 
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FIGURE  3. 7. 6. 1. 6(n) .  Typical  tensile  stress-strain  curves  (full  range)  for 

7178-T62  aluminum  alloy  (extrusion)  at  room  temperature. 
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3.7.7  7475  ALLOY 

3. 7. 7.0  Comments  and  Properties. — 7475  is  a 
Al-Zn-Mg-Cu  alloy  developed  for  applications 
requiring  the  high  strength  of  7075  but  having 
fracture  toughness  superior  to  that  of  7075.  Sheet 
is  available  in  the  T6I  and  T761  tempers  and 
plate  in  the  T65I  and  T7651  tempers.  Sheet  has 
strengths  equivalent  to  that  of  7075  combined 
with  the  toughness  of  2024-T3.  Plate  has 
strengths  Similar  to  those  of  corresponding  tem¬ 
pers  of  7075;  the  toughness  of  7475-T651  equals 
or  exceeds  that  of  7075-T7351  and  for  7475- 
T7651  plate  the  toughness  exceeds  that  of  2024- 
T35 1 .  Resistance  to  stress-corrosion  cracking  and 
exfoliation  are  comparable  to  that  of  7075;  ex¬ 
foliation  resistance  of  7475-T61  sheet  is  slightly 
better  than  that  of  7075-T6  sheet. 

Material  specifications  for  7475  sheet  and  plate 
are  shown  in  Table  3.7.7.0(a).  Room-temperature 
mechanical  properties  for  7475-T61  and  T761 
sheet  and  7475-T651  and  T7651  plate  are  shown 
in  Table  3.7.7.0(b). 


TABLE  3.7.7.0(a).  Material  Specifications  for  7475 
Aluminum  Alloy 


Specification 

Form 

AMS  4084  (T61) 

Sheet 

AMS  4085  (T761) 

Sheet 

AMS  4090  (T651) 

Plate 

AMS  *089  (T7651 ) 

Plate 

The  temper  index  for  7475  is  as  follows: 

Section  Temper 

3.7.7. 1  T61.T651 

3.1. 1.2  T761.T7651 

3.7.7. 1  T61  and  T65I  Tempers. — Figures 
3.7.7.1.6(a)  through  (d)  present  tensile  and  com¬ 
pressive  stress-strain  curves  and  tangent-modulus 
curves  for  T61  sheet  and  T651  plate.  Figure 
3.7.7.1.6(e)  contains  full-range  tensile  curves  for 
T61  sheet. 

3.7. 7.2  7767  and  T7651  Tempers. — Figures 
3.7.7.2.6(a)  through  (d)  present  tensile  and  com¬ 
pressive  stress-strain  curves  and  tangent-modulus 
curves  for  T761  sheet  and  T7651  plate.  Figure 
3.7.7.2.6(e)  contains  fuil-range  tensile  curves  for 
T761  sheet. 
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TAELE  3. 7.7.01 


SPECIFICATION 

FORM . 

CONDITION.. .  . 
THICKNESS,  PH 

BASIS . 


MECHANICAL  PROPERTIES* 
FTU,  HPA 1 

L . 

LT . 

FTY,  MPA  1 

L . 

LT . 

FCY ,  MPA  « 

. . 

LT . 

FSU ,  MPA . 

FBRU,  MPA2 

(E/C=1.5) . 

<F/0=2.0> . 

FSRY ,  M?A: 

(E/0=i,5>  . . 

<E/0=  2. 0) . 

EL,  PERCENT t 

. . 

LT . 

E,  GPA . 

EC,  GPA . 

G,  GPA, . 

HU . 


PHYSICAL  FR'OPERTIESS 

OMEGA,  MG/M3 . 

C,  J/(G*KJ . 

K,  H/(H*K)...» . 

ALPHA,  10-6  M/ C H*< 1 


BEARING  VALUES  ARE 


DESIGN  MELHhNICm.  AND  PHYSICAL  PROPERTIES  CF 
74-75  ALUMINUM  AlLOY  (SHEET  ANu  PLATE) 
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FIGURE  3.7.7.1.6(c).  Typical  tensile  stress-strain  curves  for  7475-T651 

aluminum  alloy  (plate)  at  room  temperature. 
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Compressive  Tangent  Modulus,  6Pa  (x  10) 

FIGURE  3.7.7.1.6(d).  Typical  compressive  stress-strain  and  tangent- 

modulus  curves  for  7475-T651  aluminum  alloy 
(plate)  at  room  temperature. 
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FIGURE  3.7.7.2.6(a).  Typical  tensile  stress -strain  curves  for  7 

aluminum  alloy  (sheet)  at  room  temperature 
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Compressive  Tangent  Modulus,  GPo  {x  10) 


FIGURE  3.7.7.2.6(b).  Typical  compressive  stress-strain  and  tangent- 

modulus  curves  for  7475-T761  aluminum  alloy 
(sh«.et)  at  room  temperature. 
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Strain,  0.001  m/m 

FIGURE  3.7.7.2.6(c).  Typical  tensile  stress-strain  curves  for  7475-T651 

aluminum  alloy  (plate)  at  room  temperature. 
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FIGURE  3.7.7.2.6(d).  Typical  compressive  stress-strain  and  tangent- 

modulus  curves  for  7475-T651  aluminum  alloy  (plate) 
at  room  temperature. 
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FIGURE  3.7.7.2.6(e).  Typical  tensile  stress-strain  (full  range)  for  7475-T761 

(sheet)  at  room  temperature. 


3-350 


3.8  800  Scries  Wrought  Alloys 

3.9  ) 

3.10  )  Unused  mini  hers 

3.11  ) 

3.12  200.0  Series  Cast  Alloys 

Alloys  of  the  200  series  contain  copper  as  the 
principal  alloying  element,  anti  arc  particularly 
useful  for  elevated  temperature  applications. 

3.12.1  201.0  ALLOY 

3.12.1.0  Comments  and  Properties. — 201.0  is  a 
high-strength,  heat-treatable  A.l-Cu-Ag  casting 
alloy.  In  the  T6  (aged)  temper,  it  possesses  high 
strength  and  good  ductility,  but  is  not  recom¬ 
mended  for  use  in  environments  conducive  to 
stress-corrosion  cracking.  In  the  T7  (overaged) 
temper,  it  possesses  high  strength  and  moderate 
ductility  an'd  optimum  resistance  to  stress-corro¬ 
sion  cracking.  Refer  to  Section  3. 1.3.4  for  com¬ 
ments  regarding  the  weldability  of  the  alloy. 


Material  specifications  covering  this  alloy  are 
presented  in  Table  3.12.1.0(a).  Room-tem¬ 
perature  mechanical  and  physical  properties  are 
presented  in  Table  3. 1 2. 1 .0(b).  The  effect  of  tem¬ 
perature  on  physical  properties  is  shown  in  Figure 
3.12.1.0. 

Table  3. 1 2. 1 .0(a).  Material  Spetijic aliens  for 
201.0  Aluminum  Alloy 

Specification  Form 

AMS  4228  .  Castings  (T6  temper) 

AMS  4229  .  Castings  (T7  temper) 

The  temper  index  for  201.0  is  as  follows: 


Section 

3.12.1.1 

3.12.1.2 


Temper 

T6 

T7 


3.12.1.1  T6  Temper. — A  full-range  tensile 
stress-strain  curve  for  this  temper  is  presented  in 
Figure  3.12.1.1.6. 
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FIGURE  3.12.1-0.  Effect  of  temperature  on  the  physical 
properties  of  201.0  aluminum  alloy 
(castings) - 
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TABLE  3.12.1.0 (B  ) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
201.0  ALUMINUM  AuLCY  (CASTINGS) 


SPECIFICATION . 

. . *  * 

AMS  42?  2 

AMS  4229  I 

FORM . 

CASTINGS 

CASTINGS  ! 

TEMPER . . . . 

T 

.  Ti 

1 

CLASS . . 

1° 

10c 

llc  i 

BASIS . 

S 

s 

S 

MECHANICAL  PROPERTIES^! 

FTU ,  MPA . 

41  A 

3  86 

414 

386 

FTY ,  HPA . 

345 

3  31 

345 

331 

FCY,  MPA . 

352 

338 

•  •  • 

•  •  •  1 

FSU ,  MPA . 

255 

241 

<*  •  • 

•  •  •  1 

FBRU ,  HP A  t 

(E/C= 1. 5) . 

621 

5  79 

... 

•  •  • 

<E/0=2.0) . 

793 

736 

... 

•  •  » 

FBRY ,  HP  A : 

(E/0= 1.5) . 

531 

510 

..  . 

* 

(E/0=2. C) . 

621 

593 

•  •  • 

•  •  • 

EL,  PERCENT . 

_ 5 _ 

3 

3 

1.5 

E ,  GPA., 
EC,  GPA, 
G,  GPA., 
MU . . 


71.0 

73.8 

27.6 

0.33 


PHYSICAL  PROPERTIES: 

OMEGA,  MG/M3 . 

C,  J/(G*K) . 

K,  W/tM*K) . 

ALPHA,  10-6  M/ ( H*< ) . . 


2.80 

0.92  (373  K) 

121  (AT  298  K) 
SEE  FIGURE  3.12.1.0 


aCLASS  OESIGFATICNS  ARE  DEFINED  IN  MIl-A-21180.  ,  | 

b  PROPERT IES  IN  CLASSES  1  ANC  2  A*E  OBTAINABLE  ONlY  IN  DESIGNATED  AREAS  hj-THIti 
CASTING. 

CpROPERT.ES  IN  CLASSES  10  AND  11  APPLY  TO  UNSPECIFIED  LOCATIONS  WiTHIN 
CASTING. 

dTHE  MECHANICAL  PROPEcTIES  SHOWN  ARE  RELIABLY  OBTAINABLE  IN  CASTINGS  OF  'HIS 
ALLOY  AND  HEAT-TREAT  CONDITION  WHEN  P-OOUCED  LNDER  THE  QUALITY  ASSUrsANCE 
PROVISIONS  CF  HL-A-21150.  THESE  P.-OVISiONS  FEQUiRE  PRE-PRODUCTION 
APPROVAL ,  CCCUMENTATICN  CF  FOUNDRY  PROCEDURES  ANC  SPECIFIC  DESTRUCTIVE  AN! 
NONDESTRUCTIVE  TESTING  PROCEDURES  FOR  THE  ACCEPTANCE  OF  EALH  PFOOUC.  ION  Li 
OF  CASTINGS.  STRICT  ADHERENCE  TO  THE;  £  REQUIREMENTS  AF.E  MANDATORY  IF  THE 
PROPERTIES  ARE  TO  EE  RELIAElY  ASSURED  IN  EACH  CASTING. 
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Stress,  MPa 


HBgBBBBflaBBBBBaBBBBBBflflaaBBaBBBBBBBBBl 
bbbbb bbbbbbbbbb bbbbbbbbbbbbbbbbbbbbbb 
■■■■■■■■■■■■■■■■■■■■■■■■■■■■»■■■■■■■! 


!  B<aB» 

bbbbbbbbbb  bi 


■■■■■■■■ bbbbbbbbbb 

■■■■■■■■ bbbbbbbbbb 
bbbbbbbb bbbbbbbbbb 


S  Bbbbbbbbbb bbbbbbbbbb bbbbb bbbbb  bbbbbbbbbb  bbbbbbbbbb ■■■■■■■■■■I 
^Hbbbbbbbbbbbbbbbbbbb  ■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■■■■■■■«■■■■! 

bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbI 

^^BBaaBaBBaaaaaaaaaaBaBaaaBiaBBBBBaawSaaSBBBBaBBHBBaaaninSaaSal 
^HbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbI 
^■BBBBBBBBBBBflBBBBBBBBBBBBBgflBBBBBBBBBBBiiflBBBBBBBBBflBBiBBBBBBl 
^HbbbbbbbbbbbbbbBbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbI 

^HBBBBBBBBBBBBBflBBBBBBBBBBBflBBBBBBflBBBBBBBBBBBBBBBBBBBflBBBBBBfll 
IPJUBBBflflBBBBBBBBflBBflflBBBBflflBiBBBBBBBBBBBBBBBBBBBBaaBBflBBflBBBBBl 
ISliiflBBBBBBBaaBBflBBBBBBa  BBBBBBBBBB  BBflBBBBBBBBBflBBBBBBBBBBaBBBBBg] 
^■BBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBflBflBflBBBBBBBBBBBBBBBail 

IbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbI 

I  BBBBB BBBBB BBBBBBBBBB BBBBB BBBBB BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB! 
^H'BBBBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBl 

^■flBflBBBBBBBBBBBBBBBBBBflBBBBBBBBBBBBBBBBBgflBBBflBBBBBBBBflBBBBBBl 

^■bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbSbbbbbbbbbbbbbbbbbbbbbbbI 

RMflBBBBBBBBBBaBBBBBBiBBflBBBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBflBflBl 

bbbbbbbbbbbbbbbbbbbbbbbI _ _ H  _  _  _ 

H BBBBBBBBBBBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB| 
^■BBBBBBBBBBBBBBBBBBBBBBBBflBJ|BBBBBBflBBflBBBBBBBaBBBflBBBBBBBBBflB 

^■BBBBflBflflBBBBBBBBBBflBBBBflBBBBMaHflBBflBflBBBBBflflBBflBBBBBflBBBflBB 
BBBBBBBBBB BBBBBBBBBB MBBB BBbB^ZF BBB BBBBBBBBBB BBBBBBBBBB I 
iWI BBBBBBBBBB BBBBrr^aBB BBBBB BBBBB BBBBBBBBri? BBBBBBBBBB BBBBBBBBBB  I 
u!j!I  BBBBBBBBBB  *S^BBBBBBBB  BBBBBBBBBB  BBBBBBBBBMBIk^BBBBBBBBBBBBBBBBM 
^^B BBBBBBBT^BBBBBBBflBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBH 
I  BBBBB^^BBBBBBBBBBBBB BBBBB BBBBB BBBBBBBBBB BBBBBkrBBB BBBBBBBBBB] 
I  BBBBBBBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BBBBBBBkiBB BBBBB BBBBB 
^^B BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBBI 
^MBBraBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBBBBB 
kBB' 


[■■bbbbbbbbbbbbSbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbB 

BB  BBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBfiBBBBj 
I  ■■ BBBBBBBB BBBBBBBBBB BBBBB BBBBB BBBBBBBBBB BBBBB BBBBB B^l 
Bl BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB 
I  Bl BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBiBBBBBBBBBBBBBBBBBBBBBB 
[ Bl  IBBflBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBBBBflBBBBBBBBBflflBBBBBBBB 
I  Bl  IBBBBBBBBBBBBBBBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BBBBB BBBBBBBBBB 

iBi  ibbbbbbbbbbbbbbbbbb bbbbbbbbbbbbbbbbbbbbbbbbpbbbbbbbbbbbbbbb 

■BBBMMBMBBMBBBBBBBBBBBBBBBBBBBBBBBBBBHBBBBBBBBBBBBB BBBBB BBBBB 
I  Bl  IBBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBB BBBBB BBBBBBBBBB BBBBBBBBBB 


[■JflflflBflBBBBBflBBBflflBBBflflflBBBBBBBBBBBBflflflBBBflflflBBflflBBBBBBBflflBW 
B  IBBBBBBBBBBBBBBBBBB BflBBflBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
B IBBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
B IBBBBBBBBBBBBBBBBBB BBBBB BBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
I  BBBBBBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB 
1 1 BBBBBflflBBBBflBBBBBBB BBBBBBBBBB BBBBB BBBBB BBBBB BBBBB BBBBBBBBBB 
1 1 flBBBBBBflBflBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
1 1 BBBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
llBBBIIflBiiBflBBBiBflBBBBBflBBBBBBBflBBflBBBBBBBiflBBBBBflBBBflflllaBMIil 

_  ...  I  BbbbbbbbbbbbbbbbBKbbHHbbbbHSbbbbbbbbbbbbbH 

1 1 IBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
riBBBBBBBBBflBflBBBBBBBBBBBBflBBflBBBBBBBflflBBflflBBflBBBBBBBBBBBBBBB 
|  IBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

MBBBBBBBIBbBBBBBBbSbB— — BB— BBBB——B—B— BMB— 


■BBBBBB BBBBBBBBBB BBBBBBBBBB 


IBBBBBBBBB  BBBBBBBBBB  BBBB-t<B||BiaJrifilVBBBBBB  BBBBBBBBBB  BBBBBBBBBB 

■bbbbbbbbbbbbbbbbbbbbbbbbbpW|HIbbbbbbbbbbbbbbbbbbbbbbbbbbbb 

IlIBBBBBBBBBBBBBBlIBBIIlIBBBBBBBBBBBBBBBBBBBBBBBBBBipBBIjBBBBBBBBBM 


Strain,  m/m 

FIGURE  3.12.1.1.6.  Typical  full-range  tensile  stress-strain  curve  for  201.0-T6 
aluminum  alloy  (castings). 


3-353 


(Page  3-354  Blank) 


3.12.2  224.0  ALLOY 


The  temper  index  for  224.0  is  as  follows: 


3.12.2.0  Comments  and  Properties. — Alloy 
224.0  is  a  heat  treatable  Al-Cu-Zr  casting  alloy. 
When  solution  heat  treated  and  overaged,  it 
possesses  excellent  mechanical  properties  at  ele¬ 
vated  temperatures,  good  fatigue  properties  and 
toughness.  A  material  specification  covering  this 
alloy  is  presented  in  Table  3.12.2.0(a).  Room- 
temperature  mechanical  and  physical  properties 
are  presented  in  Table  3.12.2.0(b). 

TABLE  3.12.2.0(a).  Material  Specification  for 


224.0  Aluminum  Allov 


Specification 

Form 

AMS  4226 

Castings 

Section  Temper 

3.12.2.1  Solution  and  Precipitation  Heat 
Treated  (Overaged) 

A  typical  room-temperature  tensile  stress- 
strain  curve  is  presented  in  Figure  3.12.2.1.6(a). 
Typical  room -temperature  compressive  stress- 
strain  and  tangent-modulus  curves  arc  shown  in 
Figure  3.12.2.1.6(b).  A  typical  full-range  tensile 
stress-strain  curve  is  presented  in  Figure 
3.12.2.1.6(c). 


t 


TABLE  3.12.2.3(B).  DESIGN  HECHANIuAL  AN0  PHYSICAL  PROPERTIES  OF 

ALUMINUM  AuLOY  224.0  (CASTINGS) 


SPECIFICATION . 

FOPM . . . 

AMS  4226 

TEMPER . 

SOLUTION  AND  PRECIPITATION 

HEAT  TREATED  (OVERAGED) 

CLASS .  .. . 

2  ! 

10 

11 

eAsis . 

s 

!  s 

O 

MECHANICAL  FFCPERTIE3J 

1 

1 

1 

FT  U.  MPA . 

34  5 

379 

31 C 

345 

FT  Y  ,  . . 

255 

255 

i  241 

2  55 

FCY,  MPA . 

262 

2  62 

248 

262 

FSU,  MPA . 

221 

248 

200 

221 

FBRU.  MP  A  1 

(E/D= 1.5) . 

552 

6C7 

456 

552 

(E/C=2.0) . 

665 

758 

621 

6o5 

F8F.Y?  MPA  t 

(E/0=  1.5) . 

4  C  7 

407 

386 

407 

(£/0=  2.0) . 

510 

51C 

483 

51C 

EL,  PERCENT . 

3 

5 

2 

3 

EC,  GPA .  i 

G,  GPA .  ; 

MU .  ; 

72.4 

26.9 

0.33 

PHYSICAL  FPCFERTIESt 

OMEGA,  MG/M3 . 

2.82 

C,  J/(G*K) . 

*  O  • 

K,  W/(M*K) .  1 

1 21  (AT  298  K) 

ALPHA  ,  10-6  M/  ( M*< ) • . 

•  •  • 

■  —  —  — - - - : - - - 4 - • - • -  • - - •  — 

a  BEARING  VALUES  ARE  DRY  PxN  VALUES  PER  SECTION  1.4. 7.1. 
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BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

uinuniiHiHHiHimiiuiiinNinHiuMimiiHiaHiB 

■gBBBflBflBBBflBBBBBBflBflBBBBBBBBBBBBBBBBflBBBBBflBBBflBBBBBBBBBBBfl 

BBBBflflBBBB BBBBBBBBBB BBBBBBBBBBBflflBBBBBBBBBBflBBaaBB BBBBBBBBBB 
BBBBBBBBflBBBBBBflflflBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBflBflBBBtfflflflBB 

■■■HHiMnmEliHHiiimBimmgaNiuNiHmHniHH 
■■■■■■■■■■■■■■■■■■■■»■■■■«■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 
BBBBBBBBBB BBBBBBBBBB BBBBBBflBBBBBflflflBBBBBflflBBBBBBBBBBBBBBBflBB 
BiBflaBBBflaBBBBBBflBBBBflaflflBBflBflBflBBflBflBBBBBBflBBBflBB BBBBBBBBBB 
■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■a 

BBBBBBBflBBBflBBBBBBBBBBBBBBBBfllBBBBBBflBBBBBBBBBBflBBflBBBBBBBBB 
BBBBBBBBBB BBBBBBBBBB BflBflBBBBBBflBBBBflBBBBBBBBBBBBflBBBBBBBflBBB 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBflBBflflBBBBBa>~~..aaBBBflBBBBBBBBBBBBBBflB 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBB* ^xBBBBBBB BBBBBBBBBB BBBBBBBBBB 
iBflBflBBBflBBBBBBBBBBBBBBBBBr^BflflBBBBflBBBBBflBBBBBBBflflflBBBflnBB 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBBBBBflBBBBBBBB 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBr BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBB BBBBBBBBPBBBBBflBBBBflBBBBBflflBflBBBBBBBBflBBflBBBBBBBflB 
BBBBBBBflBBBBBBBflBB4B BBBBBBBBBB BBBBflflBBBB BBBBBBBBBB BBBBBBBBBB 
'■BBBBBBBBBBBBBBBB'iBBBBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBBBBBBBBBBBB 
BBBBBflBBBflBBBBBBfiflBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBB 
■BBBBBBBBBBBBBBrBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
JIBBBBBBBBBBBBBB'iBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB  BBBBBBBBBB 
■■■BBBBflflBBBBBriBBBBflflBBflBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBB BBflrBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBB BBBUtBBflBBBBBBBBBBflBfl  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB 
flflflflflflflflflBflflMflflflflflBBflBflflflflflflflBflflflflflBflflflflflflflBflflflflflflBflflflflBflflflB 
■BBBBBBBBBBr>flBflBBflflBHBBflBBBflBBBflflBBBBBBBBBBBBBBBBBBBBBBBflflBB 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB  BBBBBBBBBB BflfllflflBflflfl BBBBBBBBBB 
BBBBBBBBBB  itBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
■BBBBBBBB^BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB 
■BBBBBBBrBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBB’iBBBBBBBBBBBBBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB 
BBBBBBBf^BBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 

BBBBflflF.flBBBBflBBBBflflHBBBBpBBfiBBBBBBBBBBli^ffnifflnamffiiiHBBMBfia 

'BBBBBBPBBBBBBBBBBBBiBBBBlBBBBBBBBBBBBBliaiiaaialla^BBBBBBBBB 

BBflBBVBlIBBIIlflflflaaBlIBBBflBIfllBIBBIBBlBH^^^BBfllBflBBB 

BBflB^BBBBBBflflBBBBBBBBBBflBBBBBBBBBBBBBB^^HHPP^^KBflBBBflflB 

KHflBflflflflflflBflflflBBflBflflflflflBflflflBflflHEBU3^HKflflflBBflflfl 
^^^^■BlIBBBBflBBIBBBIflBBBaiBBBBUinnnnniliBBBflBIflg 
BB^BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
Br.BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBiil7uI*^VBBBBBBBBBBB 
b4bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb»bbWb1bbHbbbbbBbbbbb 

BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 


Strain,  0.001  m/m 

FIGURE  3.12.2.1.6(a).  'Typical  tensile  stress-strain  curve  for  224.0 

aluminum  alloy  (casting)  at  room  temperature. 
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bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 

BBBHBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 

■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■&■■■■■■■■■■■■■■■■■ 

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

■BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
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■■■■■■Bk.r'BBBBBBBBBBBBBBBBPt^BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BBflBBBJMBBtar^BBBBBflBBBBr^BBBBBBBflBBBBBBBBBflBBBBBflBBBBBBBBBBB 
■■■■■B&BBBBBBBto^aUHBrBBBBBBBBBBBBBBBBBB ■■■■■■■■■■■■■■■■■■■■ 
■■■■■■■■■■■■■■■■■■fe^T -*■■■■■■■■■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■■ 
■■■■■■BBBB  ■■■■■■■■■^■■BmIZ '■■■■■■■■■■■■■■■■■■■■■■■■■  ■■■■■■■■■■ 
■■■■■■■■■■■■■■■■■■'”.■■■■■■■■»:;'•■■■■■■■■■■■■■■■■■■■■■■■■■■■■■■ 
■BBBBBBBBBBBBBflBBf'BBBBBBBBBBBBk^BBBBBBBBBBBBBBBBBBBBBBBBBBBB 
■BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB^BBBBBBBBBBBBBBBBBBBBBBBBBB 
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FIGURE  3.12.2.1.6(b).  Typical  compressive  stress-strain  and  tangent 

modulus  curves  for  224.0  aluminum  alloy  (cast 
ing)  at  room  temperature. 
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FIGURE  3.12.2.1.6(c).  Typical  tensile  stress-strain  curve  (f 

aluminum  alloy  (casting)  at  room  tempe 
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3.12.3  295.f»(195)  ALLOY 

3.12.3.0  Comments  and  Properties. — 295.0  is  a 
heat-treatable  Ai-Cu  alloy  with  high  strength  at 
elevated  temperatures.  Casting  characteristics  are 
only  fair.  Refer  to  Section  3. 1.3.4  for  comments 
regarding  the  weldability  of  the  alloy. 

A  material  specification  for  295.0  aluminum 
alloy  is  presented  in  Table  3.12.3.0(a).  Room- 
temperature  mechanical  and  physical  properties 
are  shown  in  Table  3. 1 2.3.0(b).  The  effect  of  tem¬ 
perature  on  physical  properties  is  shown  in 
Figure  3  12.3.0. 


TABLE  3.12.3.0(a).  Material  Specification  for 
295.0  Aluminum  Alloy 


Specification 

OQ-A-601 


Form 

Sand  castings 


The  temper  index  for  295.0  is  as  follows: 


Section 

3.12.3.1 

3.12.3.2 


Temper 

T4 

T6 


TAELE  3.12.3.0(8).  DESIGN  MECHANICA.  AND  PHYSICAL  PAOPEnTiES  Of- 

295.0  ALUMINUM  ALLOY  (CASTINGS) 3 


SPECIFICATION 

FORM . . 

CONDITION • .  .. 

CLASS . 

BASIS . 


QQ-A-601 .  _ 
S«ND  CASTING 


MECHANICAL  PROPERTIES: 


FT  U,  M  FA .  I 

200 

221 

FT Y,  MPA . 

93 

138 

FCY,  MPA............. 

97 

145 

FSU,  . . 

152 

165 

FBRU,  HP  A  t 

(E/C=1.5) . 

317 

352 

(E/O=2.0) . 

421 

4  62 

FBRY ,  HP A l 

(E/0=1.5J . 

152 

234 

(E/0=2.3) . 

179 

2  76 

EL,  PERCENT . 

!  6 

3 

E,  GPA  • . 
EC.  GPA, 
G .  G  P  A  .  « 
HU . . 


68.3 

69.6 

26.5 

0.33 


PHYSICAL  FRCFERTIESt 

OMEGA,  MG/M3 . 

0,  J/(G*K) . 

K,  W/(H*K) . 

ALPHA,  10-6  M/(M*K) .. 


2,  82  c 

0.96  (AT  373  K) 

138  (AT  298  K) 
22.9  (293  TO  373  K) 


a REFERENCE  SHOULD  BE  MACE  TO  THE  SPECIFIC  REQUIREMENTS  OF  THE  PROCURING  OR 
CERTIFICATING  AGENCY  IN  REGARD  To  THE  USE  OF  THE  ABOVE  VAlUES  IN  THE 
DESIGN  OF  CASTINGS. 

b  MECHANICAL  PROPERTIES  IN  THIS  COLUMN  ARE  BASEC  LP0N  THE  MINIMUM  GUARANTEED 
TENSILE  PROPERTIES  FFCM  SEPARATELY  CAST  TEST  EARS .  THE  STRENGTH  OF  ' 
PROOUCTIOh  CASTINGS  MAY  BE  AS  LOW  AS  75  PERCENT,  ANC  ELONGATION  AS  LO*  AS 
25  PERCENT,  CF  THE  TAfULATEO  VAlUES. 

c  THIS  VALUE  CF  CENSI7Y  ASSUMES  SOLID  (VOID-FcEE>  METAL.  SINCE  SOME  POr.OSTTY 
CANNOT  BE  AVCICEO  IN  CCHHERCIAL  CASTINGS,  THE  OENSIT Y  WILL  3E  SLIGH.LY  LE^S 
THAN  THE  THEORETICAL  VALUE. 
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,  10“ 6  m/(m  •  K) 


3.13  300.0  Series  Cast  Alloys 

Casting  alloys  of  the  300.0  series  contain 
silicon  with  added  copper  and/or  magnesium  as 
the  principal  alloying  elements.  They  arc  heat 
treatable.  Because  of  the  high  silicon  content, 
they  arc  among  the  easiest  to  cast  by  a  variety  of 
techniques.  They  have  high  resistance  to  corro¬ 
sion. 

3.13.1  354.0  ALLOY 

3.13.1.0  Comments  and  Properties. — 354.0  is  a 
heat-treatable  Al-Si-Mg  alloy  having  among  the 
highest  strength  of  commercial  casting  alloys.  It 
has  good  casting  characteristics;  however,  its  use 
is  generally  restricted  to  permanent  mold  cast¬ 
ings.  Refer  to  Section  3. 1.3.4  for  comments 
regarding  the  weldability  of  the  alloy. 


A  material  specification  for  354.0  aluminum 
alloy  is  presented  in  Table  3.13.1.0(a).  Room- 
temperature  mechanical  and  physical  properties 
are  shown  in  Table  3.13.1.0(b). 


TABLE  3.13.1.0(a).  Material  Specification  for 
354.0  Aluminum  Alloy 


Specification 

Form 

MIL-A-21 1 80  . 

Castings 

The  temper  index  for  354.0  is  as  follows: 

Section 

Temper 

3.I3.II 

761 
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TABLE  3c  13*1*0  (B)  «  OEbIGN  MECHANICAL  AND  PHYSICAL  Pf-OPERT  IE->  OF 

354.0  ALUHINLM  A^-OY  (CASTINGS) 


SPECIFICATION. 

FORH.... . 

CONDITION . 

CLASS.  . 

8ASIS . 


MECHANICAL  PROPERTIES*! 

FTUf  MPA . . . 

FT  Y  t  MPA . 

FCY,  MPA . 

FSUt  MPA . 

F8RU,  HP  At 

(E/0= 1.5) . 

t  E /0=  2.0) . 

F6RY,  KPAt 

(E/C=1.5> . 

(E/0=  2.0) . 

El.  percent . 

E,  GPA .  : 

EC.  GPA .  I 

G,  GPA .  | 

HU .  1 


73.1 

74.5 

27.6 
0.33 


PHYSICAL  PPCFERTiest 

OMEGA,  MG/H3 . 

C,  J/(G*K> . 

K,  H/CH*K1 . 

ALPHA,  10-6  M/(M*<) .. 


2.71 

0.96  (AT  373  K) 
20.9  (293  TO  373  K) 


^PROPERTIES  LISTE3  FOR  THI:>  ClASS  ARE  APPLICABLE  TO  DESIGNATED  A.\EAS  OF  THE  I 
CASTING.  f 

THIS  CLASS  IS  CETAIHAElE  IN  FAVORABLE  CASTING  CONFIGURATIONS  ANC  MUST  EE  f 

NEGOTIATEC  HTH  THE  FOUNCPY  FOR  THE  PARTICULAR  CONFIGURATION  CE3IRE3.  ! 

CTHE  MECHANICAL  PROPERTIES  SHCWN  «RE  RSLIAcLY  C6TAINA6LE  IN  CASTINGS  Cc  .hIS 
ALLOY  AND  HEaT-TREAT  CONCITICN  WHEN  P" CCUCEC  LNCEk  THE  QUALITY  ASSURANCE 
PROVISIONS  CF  MIL-A-21180.  THESE  FFOVISIONS  FE3UI-E  FPE-FRODL'CTION 
AFPROVAl,  CCCLN  ENT  AT 1CN  OF  FOUNDRY  PROCEDURES  ANO  SPECIFlL  DESTRUCTIVE  YNC 
NONDESTRUCTIVE  TESTING  PRCCECUrES  FOR  THE  mCCEPTANwE  OF  EACH  PROCUCTICN  lOH 
OF  CASTINGS.  STRICT  ADHERENCE  TO  THESE  REQUIREMENTS  IS  MANDATORY  IF  THESE} 
PPOPERTIES  ARE  TO  BE  RELIABLY  ASSUREC  IN  EACH  CASTING. 


3.13.2  355.0  ALLOY 

3.13.2.0  Comments  and  Properties. — 355.0  is  a 
heat-treatable  Al-Si-Mg  alloy  that  is  readily  cast, 
and  has  good  pressure  tightness.  Refer  to  Section 
3. 1 .3.4  for  comments  regarding  the  weldability  of 
the  alloy. 

A  material  specification  for  355.0  aluminum 
alloy  is  presented  in  Table  3.13.2.0(a).  Room- 
tcmperatuie  mechanical  and  physical  properties 
are  shown  in  Table  3. 13.2.0(b).  The  effect  of  tem¬ 
perature  on  a  is  shown  in  Figure  3.13.2.0. 


TABLE  3.13.2.0(a).  Material  Specification  for 
355.0  Aluminum  Alloy 


Specification 


r’ermanent  mol 
castings 


The  temper  index  for  :  .0  is  as  follows: 


Section 

3.13.2.1 


Temper 

T6 


TABLE  3.13.2.0(8) 


DESIGN  MtCHAMCAu  mN'C  PHYSICAL  PFOPEkTIE-  OF 
355. C  ALU-llNUH  ,»_L0Y  (C  AST  INGi)  a 


SPECIFIC  ATI CN 


CONDITION 
CLASS . 


MECHANICAL  PROPERTIES! 

FTU ,  MFA . 

FTY,  “FA . 

FCY,  MPA . 

FSU,  MPA . 

FBRU i  MPA  t 

(£/0= 1.5) . 

(E/D=2.0) . 

FGRY,  MPA  t 

<E/0= 1.5) . . . . 

(E/D=  2.0) . 

EL,  PERCENT . 

c  r  n  a 


EC,  GPA . 

G,  GPA  ..  . . . 

MU. . . . 


PHYSICAL  PROPERTIES! 

OMEGA,  HG/H3 . 

C,  J/(G'‘K) . 

K,  H/(M*K) . 

ALPHA,  10-6  M/(N*<).. 


1 

71.0 

71.0 

26.2 

0.33 


2.71 

0.36 

152 

22.3 


REFERENCE  SFCLLC  BE  MADE  TC  THE  SPECIFIC  REQUIREMENTS  OF  THE  FkOGUr.ING  o? 
CERTIFICATING  AGENCY  IN  REGARD  TO  THE  USE  OF  THE  ABO l/E  VALUES  IN  i  HE  CEcIGN 
OF  CASTINGS. 

MECHANICAu  PROPERTIES  IN  THIS  COLUMN  AFE  EASED  LPCN  THE  MINIMJM  GUARANTEED 
TENSILE  PRCPERT IES  FRCP  SEPARATELY  CAST  TEST  eARS.  THE  STRENGTH  CF 
PRODUCTION  CASTINGS  “AY  BE  AS  LOW  AS  75  PERCENT,  ANO  ELONGATION  A.,  lOH  AS 
25  PERCENT,  CF  THE  TABUcATEC  VALUES. 
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FIGURE  3.13.2.0.  Effect  of  temperature  on  the  physical 
properties  of  355.0  aluminum  alloy. 
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3.13.3  C355.0  ALLOY 

3.13.3.0  Comments  amt  Properties. — C355.0  is 
an  Al-Si-Mg  alloy  similar  to  355.0  but  has  im¬ 
purities  controlled  to  lower  limits  resulting  in 
higher  strengths.  It  has  good  casting  charac¬ 
teristics.  Refer  to  Section  3. 1.3. 4  for  comments 
regarding  the  weldability  of  the  alloy. 

A  material  specification  for  C355.0  aluminum 
alloy  is  presented  in  Table  3.13.3.0(a).  Room- 
teniperaturc  mechanical  and  physical  properties 
are  shown  in  Table  3.13.3.0(b). 


Table  3.13.3.0(a).  Material  Specification  fur 
C355.0  Aluminum  Alloy 


Specification 

Form 

MiL-A-21180  . 

Castings 

The  temper  index  for  C355.0  is  as  follows: 

Section 

Temper 

3.13.1.1 

T61 

TABLE  3.13.3.0  18).  CESIGN  MECHANICA-.  ANC  PHYSICAL  PROPERTIES  0E 

C355.0  aluminum  alloy  (castings) 


PHYSICAL  PROPERTIES! 

OMEGA,  MC-/M3 . .  ... 

C,  J/(G*K) . 

X,  H/(M*K) . 

ALPHA,  10-6  M/  (H*<). . 


SPECIFICATION . 

MIL-A-211  8  0 

FORM . 

CASTING^ 

CONDITION . 

CLASS . 

1 

1  2  i 

3^ 

10 

11 

12 

BASIS . 

— s - 

C 

s 

BH 

s 

MECHANICAL  FROPERTIE3C« 

m 

FTU ,  HPA . 

283 

345 

283 

241 

FTY ,  «PA . 

21  A 

2  76 

21 A 

Befall 

193 

FCY ,  MPA . 

21 A 

223 

276 

2 1  A 

207 

193 

FSU,  WPA . 

2G0 

214 

241 

20  C 

179 

165 

F8PU,  MPA  t 

. . . 

393 

A27 

463 

393 

359 

338 

(£/0=2.0) . 

510 

545 

621 

510 

462 

434 

FBRY,  MPAl 

<E/0=1.5) . 

345 

365 

441 

345 

?3i 

31C 

(£/0=2 .0 ) . 

386 

4C7 

496 

3S6 

3  72 

345 

EL,  PERCENT . 

3 

3 

> 

3 

1 

1 

E,  GCA . . 

69 

.6 

EC,  GPA . 

71. 

.0 

G,  G PA . 

26 

.5 

MU . • 

•  “  ”  “*"***. 

0 

1  " " 

.33 

•  «••••«•■*  ( 

2.  71 

0.96  (373  K) 

152  (AT  298  K) 
22.3  (293  TO  373  K) 


'PROPERTIES  L 
CASTING. 

’this  class  i 
negotiatec 

: THE  MECHANIC 
ALLCY  ANO 
PROVISIONS 
APPROVAL, 
NONOESIPUC 
OF  CASTING 
PROPER, IE  S 


ISTED  FOR  THIS  CLASS  ARE  APPLICABLE  TO  DESIGNATED  AR.EmS  OF  THE 


S  OBTAINABLE  IN  FAVORABlE  CASTING  CONFIGURATIONS  AN C  MUST  EE 
WITH  THE  FOL'NCRY  FOr-.  THE  PARTICULAR  CONFS  GUkAT ION  CES-iE  EC. 

AL  Ps  OPE  RTIES  SHOWN  A  =  E  SElIAoLY  OETAINAoLE  IN  C  AiT  ±  NGS  OF  'ri.S 
HEAT-TREAT  CCNCITICN  WHEN  Ps0CUlED  LNDE*  THE  QUALITY  ASSURANCE 
OF  MIL-A-21180,  THESE  PROVISIONS  REOUiRE  PRE-PROOUCTICN 
DOCUMENTATION  OF  FOUNCRY  PROCEDURES  AND  SPElIFIC  LCsTRuCTIVE  ANC 
TIVE  TESTING  FRCcECURFS  FOR  THE  ACCEPTANCE  OF  EACH  PRODUCTION  l CT 
S.  STRICT  ADHERENCE  TO  THEiE  REQUIREMENT  S  IS  MANDATORY  IF  THESE 
ARE  TO  EE  RELIABLY  ASSURED  IN  EACH  CASTING. 
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3.13.4  356.0  ALLOY 

3.13.4.0  Comments  and  Properties. — 356.0  is 
among  the  easiest  of  alloys  to  cast  by  a  variety  of 
techniques.  It  is  heat  treatable,  has  intermediate 
strengths,  and  has  high  resistance  to  corrosion. 
Refer  to  Section  3. 1.3.4  for  comments  regarding 
the  weldability  of  the  alloy. 

Material  specifications  for  356.0  aluminum 
alloy  are  presented  in  Table  3.13.4.0(a).  Room- 
temperature  mechanical  and -physical  properties 
are  shown  in  Table  3.13.4.0(b).  The  effect  of  tem¬ 
perature  on  physical  properties  is  given  in  Figure 
3.13.4.0. 


TABLE  3.13.4.0(B)  <  CESIGN  MECHANICAL  ANL  PHYSICAL  PkOPEcT  IE-  CF 

356. C  ALUMINUM  ALLOY  (CASTING;,) 


TABLE  3.13.4.0(a).  Materia!  Specifications  for 
356.0  Aluminum  Alloy 

Specification _ Form 

QQ-A-596  .  Permanent  mold 

castings 

QQ-A-601 .  Sand  castings 

AMS  4260  . .  Investment  castings 

The  temper  index  for  356.0  is  as  follows: 


Section 

3.13.4.1 


SPECIFIC  ATI CN. 
FORM . 


CONCITION. 


1  SANO 

1  CASTINGS 

1 -  - 

- 16 

INVESTMENT  AND  PERMANENT 
MOLD  CASTINGS. _ 


MECHANICAL  PROPEPTIESt 

FTU,  MPA . 

f  T Y i  “PA . 

FCY,  MPA . 


F6RU,  MPAJ 
(E/D=1.S> 
( E/0=  2.0) 
FBRY i  HP A  t 
(£/0= 1.5) 
tE/0=  2.0) 
EL.  PERCENT. 


E.  GF A . 

EC.  G PA . 

G,  G PA . 

HU . . 


71.0 
71.  0 
26.5 
0.33 


PHYSICAL  PROPERTIES* 

OMEGA,  MG/M3 . 

C,  J/(G*K) . 

K,  W/ (M«  K) . 

ALPHA,  10-6  M/  (M*<) . . 


2.66 

0.96  (AT  373  K) 

152  (AT  298  K) 

21. A  (293  TO  373  K) 


^FEFcktNCF  SHCLLC  BE  MfcOE  TO  THE  SPECIFIC  REQUIREMENTS  CF  THE  FROCUhING  Or 
CERTIFICATING  agency  in  regard  0  the  use  of  THE  above  values  IN  THE 
DESIGN  CF  CASTINGS. 

Mechanical  frcferties  in  this  column  *re  based  upon  the  minimum  gum^anteed 

TENSILE  PROPERTIES  FF  CM  SEPARATELY  CAST  TEST  EARS.  THE  STRENGTH  OF 
PRODUCT  I0t>  CASTINGS  HAY  8E  as  lOW  AS  75  PERCENT,  AND  E  LONGA  I  ION  AS  lOw  AS 
25  PERCENT  OF  THE  TABULATED  VALUES. 
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FIGURE  3.13.4.0.  Effect  of  temperature  on  the  physical 
properties  of  356.0  aluminum. 
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3.13.5  A356.0  Al.l.OY 


3.13.5.0  Comments  and  Properties. — A356.0  is 
an  Al-Si-Mg  alloy  similar  to  356.0.  but  with  im¬ 
purities  controlled  to  lower  limits  resulting  in 
higher  strengths  and  ductility.  It  has  good  casting 
characteristics  and  high  resistance  to  corrosion 
Refer  to  Section  3. 1.3.4  for  comments  regarding 
the  weldability  of  the  alloy. 

A  material  specification  for  A356.0  aluminum 
alloy  is  presented  in  Table  3.13.5.0(a).  Room- 
temperaturc  mechanical  and  physical  properties 
arc  shown  in  Table  3.13.5.0(b). 


TaBI.2  3.13.5.0(a).  Mnicrial  Specification  for 
AJ.^O.O  Aluminum  Alloy 


Specification 

Form 

MIL-A-21 180 . 

Casting 

The  temper  index  for  A356.0  is  as  follows: 


Section  Temper 

3.13.5.1  T61 


TABLE  3.13.5.0(B).  CESIGN  mECHANICAL  ANC  PHYSICAL  PROPERTIES  OF 

A356.G  ALUMINUM  ALlOY  (CASTING;.) 


SPECIFICATION . 

HIL-A-2118C 

FORM . . . 

CA  SI ING3 

C0N0IT1 ON . 

,  .  _  T61 

CLASS  •  «••€••••••••••••••• 

l“  ! 

i  2’ 

3“u  , 

1  ..is 

11 

12 

BASIS . 

s  I 

£ 

s 

J 

s  ; 

c. 

MECHANICAL  PROPERTIES0: 

, 

1 

r  • 

t 

FTU*  HPA . 

262 

2  76 

31C 

262 

22e 

221 

FTY  «  HPA . 

193 

207 

234  j 

|  193 

136 

152 

FCY,  MPA . 

193 

2C7 

234  I 

!  193 

!  186 

152 

FSU,  HPA . 

iee 

193 

214 

156 

159 

152 

FBRU,  MPA  t 

1 

t 

(E/C= 1. 5) . 

365 

3  36 

434 

365  j 

j  317 

!  31C 

<E/0=2.0> . 

469 

496 

55o 

469 

4  C  7 

4CC 

FBRY  *  HP  A  X 

| 

<E/0=1.5> . 

310 

331 

372 

310 

2  96 

241 

(£/0  =  2.  0  ) .  I 

i  345 

372 

421 

345 

333 

276 

EL.  PERCENT .  ; 

i  5 

T 

•/ 

3 

!  5 

3 

2 

E.  GPA .  j 

| 

71, 

.7 

EC.  GPA .  ! 

J 

72, 

.  4 

G,  GPA . 

26 

.9 

HU . 

i 

1 

1 

0, 

.  33 

•HYSICAu  PPCFERTIESt 

f 

OMEGA,  MG/M3 . 

2, 

.  68 

C,  J/(G*K> . 

0 

.96  (AT  373  K) 

K,  W/  (M*K) . .  ..  . 

i 

152  (AT  298  K) 

ALPHA,  10-6  M/  ( H*< ) . . 

i . 

21 

.  4  (298  TO  373  K) 

Properties  lifted  for  th*s  class  are  applicable  to  designated  areas  of  the 

CASTING. 

‘This  class  is  obtainable  in  favorable  casting  ccnfigurations  ano  most  be 

NEG0TIATEC  WITH  THE  FOUNDRY  FOR  THE  PARTICULAR  CONFIGURATION  CESi-EO. 

°rHE  MECHANICAc  PROPERTIES  SHCHN  ARE  RELIABLY  OBTAINABLE  IN  CASTINGS  Or  .‘HiS 
ALLOY  ANC  HEAT-TREAT  CONDITION  WHEN  P=CCUi.E0  UNDER  THE  QUALITY  ASSURANCE 
PROVISIONS  CF  MIL-A-21130.  THESE  PROVISIONS  REQUIH.C  FF.E-PR  0DUCTI0N 
APPROVAL*  DOCUMENTATION  OF  FOUNDRY  PnOCECURES  ANO  SPECIFIC  CESUUC1IVE  ~NO 
NONDESTRUCTIVE  TESTING  PROCEDURES  FOR  THE  ACCEPTANCE  OF  EACH  PRODUCTION  LO; 
OF  CASTINGS.  STRICT  ADHERENCE  TO  THESE  REQUIREMENTS  IS  MANDATORY  IF  'HESE 
PROPERTIES  ARE  TO  BE  RELIABLY  ASSURED  IN  EACH  CASTING. 
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3.13.6  A357.0  ALLOY 


3.13.6.0  Comments  and  Properties.  — A357.0  is 
a  heat-treatable  Al-Si-Mg  alloy  generally  used 
for  permanent  mold  and  premium  quality  cast¬ 
ings  in  which  special  properties  arc  developed  by 
careful  control  of  casting  and  chilling  techniques. 
It  has  excellent  casting  characteristics,  is  heat 
treatable,  and  provides  the  highest  strengths 
available  in  commercial  castings,  together  with 
good  toughness.  The  alloy  also  has  excellent  cor¬ 
rosion  resistance.  Refer  to  Section  3. 1.3. 4  for 
comments  regarding  the  weldability  of  the  alloy. 


A  material  specification  for  A357.0  aluminum 
alloy  is  presented  in  Table  3.13.6.0(a).  Room- 
temperature  mechanical  and  physical  properties 
are  shown  in  Table  3.13.6.0(b), 


Table  3.13.6.0(a).  Material  Specification  for 
A357.0  Aluminum  Alloy 


Specification 

Form 

M1L-A-21 180 . 

Castings 

The  temper  index  for  A357.0  is  as  follows: 

Section 

Temper 

3.13.6.1 

T6l“ 

TABLE  3.12.6.0(B).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIED  CF 

A357.  0  ALU-MINUM  „lL0Y  (CASTINGS) 


?EC 1F1CATICN . 

Ml L -A-2 1 1 6  0 

3RH . 

CASTINGS 

)NCIT I  ON . 

!  T  61 

,ASS . 

,b 

2a, b 

10 

11 

(SIS . 

s 

S 

C 

b 

CHANICAL  PROPERTIES^ 

FTU,  mpa . 

31  C 

345 

262 

233 

FT Y ,  MPA . 

24l 

276 

193  | 

214 

FCY,  MPA . 

241 

276 

153 

214 

FSU,  MPA.. . 

2 1 A 

241 

1  166 

:  2cc 

FBRU ,  HP  At 

1 

! 

(£/D= 1.5) . 

43  A 

483 

365 

353 

( E/0=  2.0) . 

558 

621 

469 

510 

FBRY,  HPA! 

(£ /D= 1.5) . 

3ee 

441 

310 

345 

(E/C=  2.0) . 

434 

4  96 

345 

386 

EL,  PERCENT . 

3 

5 

5 

3 

E,  GFA . 

71 

7 - - 

EC,  GPA . 

72, 

.4 

G,  GFA . 

26.9 

HU . 

0.33 

rSICAL  PROPERTIES) 

OMEGA ,  MG/M3. . 

2.68 

C,  J/(G*K) . 

0. 

,96  (AT  373  K) 

K,  W/(M*K) . 

152  (AT  298  K) 

ALPHA,  10-6  M/  (M»<) . . 

21.6  (293  TO  373  K) 

Properties  listed  for  this  class  are  applicable  to  designated  At.e-s  o^  he 
b  casting. 

this  class  is  obtainable  in  FAVORASlE  lasting  configurations  anc  must  be 
negotiatfo  with  the  folncry  for  the  particular  configuration  cesirec. 
cthe  mechanical  properties  shown  are  reliably  obtainmble  in  casting.,  of  this 

ALLOY  ANC  HEAT-TREmT  CONDITION  WHEN  PRODUCED  LNCE  =  THE  QUALITY  ASSURANCE 
PROVISIONS  CP  MIL-A-21180.  TKEoE  PROVISIONS  REQUIRE  FRE-FkOCUCTI CN 
APPROVAL,  DOCUMENTATION  OF  FOUNDRY  PROCECUReS  AND  S^EcIFIc  UESTRUCT.VC  -ND 
NONDESTRUCTIVE  TESTING  PRCCElURES  FOR  THE  ACCEPTANCE  OF  E^CH  PRODUCT*™  LOT 
OF  CASTINGS.  STRICT  ACHEFENCE  TO  THESE  REQUIREMENT..  IS  MANDATORY  IF  THESE 
PROPERTIES  ARE  TO  eE  RELIABLY  ASSURED  IN  CACP  CASTING. 
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3.13.7  359.0  ALLOY 


3.13.7.0  Comments  and  Properties. — 359.0  is  a 
relatively  high-strength  permanent-mold  casting 
alloy  It  is  heat  treatable,  and  has  good  corrosion 
resistance.  Refer  to  Section  3. 1 .3.4  for  comments 
regarding  the  weldability  of  the  alloy. 

A  material  specification  for  359.0  aluminum  is 
presented  in  Table  3.13.7.0(a).  Room-tem¬ 
perature  mechanical  and  physical  properties  are 
shown  in  Table  3.13.7.0(b). 


Table  3.13.7.0(a).  Material  Specification  for 
359.0  Aluminum  Alloy 


Specification 

Form 

M1L-A-21 180  . 

Castings 

The  temper  index  for  359.0  is  as  follows: 

Section 

Temper 

3.13.7.1 

T61 

TABLE  3.13.7.0(B).  CE3IGN  NFCHaNICA.  ANO  PHYSICAL  PFOPERT IBS  OF 

359.0  ALUMINUM  ALLOY  (CASTINGS) 


ECIFICATICN. 
F.M . . 


HIi-£-2lieS 


CASTINGS 


ss.  . . .  i 

- pnv - 

10 

11 

is .  i 

s 

s 

S 

S 

IHANICAL  FRCFERTIES?  1 
FTU ,  MPA .  1 

310 

324 

310 

276 

FT Y,  MPA . 

2U1 

262 

234 

207 

FCY,  MPA . 

Zul 

262 

234 

207 

FSU,  MFA . 

214 

228 

214 

193 

FBRU,  MPA  t 

(E/0=  1.5) . 

434 

4  55 

434 

336 

(E/0=2. 0) . 

553 

586 

558 

496 

FBRY,  MPA: 

(E/0=  1.5) . 

1  386 

421 

372 

331 

( E/0=  2.0) .  ] 

[  *>34 

4  69 

421 

372 

EL,  PERCENT .  j 

I  4 

3 

4 

3 

E,  GPA , , 
EC.  GPA. 
G,  GPA.. 
MU . 


SICAL  PROPERTIES  t 

OMEGA,  MG/H3 . 

C,  J/(G»K> . 

<,  W/ (M* K) . 

ALPHA,  10-6  M  '  ( M*K ) . . 


72.4 

73.8 

27.6 

0.33 


2.66 

0.96  (AT  373  K) 

138  (AT  298  K) 
19.8  (293  TO  373  K) 


Properties  listej  fop  this  class  are  applicable  to  designated  areas  of  ;he 

CASTING. 

’THIS  CLASS  IS  OBTAINABLE  IN  FAVORABLE  CASTING  CCNFIGURfiTj  ONj  AND  MUST  EE 
NEGCTIATEC  WITH  THE  FCUNCkY  FOR  THE  PARTICULAR  CONFIGURATION  OEil'DG. 

:THE  MECHANICAL  FROPFkTIES  SHChN  A?E  RFlIAELY  OBTAINABLE  IN  CASTINGS  OF  -HIS 
ALLOY  ANC  FEAT-TREAT  CONDITION  WHEN  F^OCUCEC  LNGEk  THE  QUALITY  ASaUA„NCE 
PROVISIONS  CF  MIL-A-2H80.  THESE  PROVISIONS  REQUIRE  FRE-PR00UCT ION 
APPROVAL,  CCcUMENTATICN  CF  FOUNDRY  PROCEDURES  ANO  SPECIFIC  i/ESTRULTIvE  mNu 
NONCESTRUCTIVE  TESTING  PRCCECURES  FOR  THE  ACCEPTANCE  CF  EACH  PkOGuCTION  LOT 
OF  CASTINGS.  STRICT  ACHERENCt  TO  THEoE  rEQUl^EMENTS  ARE  MANOATORY  IF  THESE 
PROPERTIES  ARE  TO  eE  RElIABLY  ASSURED  IN  EACH  CASTING. 
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3.14  400.00  Scries  Cast  Alloys 

3.15  500.00  Series  Cast  Alloys 

The  500.0  series  of  casting  alloys  contain  mag¬ 
nesium  as  the  principal  alloying  element,  and  arc 
used  primarily  for  sand  castings. 

3.15.1  520.0  (220)  ALLOY 

3.15.1.0  Comments  and  Properties. — 520.0  is  a 
relative!)  high  strength,  heat  treatable  sand  cast¬ 
ing  alloy  with  excellent  machinability  and  re¬ 
sistance  to  corrosion.  It  requires  special  foundry 
practices  for  casting.  Refer  to  Section  3. 1.3.4  for 
comments  regarding  the  weldability  of  the  alloy. 


A  material  specification  for  520.0  aluminum 
alloy  is  presented  in  Table  3.15.1.0(a).  Room- 
temperature  mechanical  and  physical  properties 
are  shown  in  Table  3.15.1 .0(b).  The  effect  of  tem¬ 
perature  on  a  is  shown  in  Figure  3.15.1.0. 

Table  3.15.1.0(a).  Material  Specification  for 
520.0  Aluminum  Alloy 


Specification 

Form 

OQ-A-601 . 

Castings 

The  temper  index  for  520.0  is  as  follows: 
Section 


3.15.1.1 


Temper 

T4 


TAeLE  3.15.1.0(9*.  CESIGN  MF-HANICAL  ANO  PHYSICAL  PROPERTIES  OF 

520.0  ALUMINUM  AlLCY  (CASTINGS)3 


;PEC  IFI  CATION . 

ORH . 

ONCITION . 

LASS . 

AS  IS . 


ECHANICAL  PROPERTIES: 

FT*J,  “PA . . 

FT  Y,  t'FA . 

FCY,  MPA . . 

FSU,  MPA . 

FBRU  *  HP A  t 

(E/C=  1.5) . 

( E/0=  2.0) . 

FBRY  «  HP A  t 

(E/C=  1.5) . . 

(E/0=2. 0) . 

EL.  PERCENT . 

I  E.  GPA.... . 

:  EC.  GPA . 

$  Gv  GPA . 

I  HU . 


'YSICAL  PROPERTIES: 

OMEGA .  HG/H3 . 

C,  J/(G*K) . 

K,  W/  (M* K ) . 

ALPHA,  10-6  K/(M*K).. 


CC-A r6  JL 


SANO  CASTING 


T  4b 


Sc 


29  C 
152 
159 
207 

46  2 
60  7 

255 
303 
12 
71  .0 
71.0 
26.5 
0  .33 


2.57 

0-96  (AT  373  K) 

0  8  (AT  298  K) 

24.7  (293  TO  373  K) 


a  REFERENCE  SHCLLC  5E  PACE  TC  THE  SPECIFIC  REQUIREMENT*  CF  THE  PROCURING  OF 

CERTIFICATING  AGENCY  IN  REGARD  TO  THE  USE  OF  THE  AE0VE  VALUES  iN  i HE  lESIGN 


OF  CASTINGS. 

b  THIS  ALLOY  IS  HIGHLY  SLSCEFT IELE  TO  STRESS  CORROSION  FAILURE.  SPECIAL  hE*T 
TREATMENT  IS  REQUIRED. 

c  MECH ANI CAL  FRCFFRTI ES  IN  THIS  COLUMN  ARE  BASEO  UPON  THE  MINIMUM  GUl.\  ANT ntL 
TENSILE  PROPERTIES  FROM  SEPARATELY  CAST  TEST  EARS.  THE  STRENGTH.  OF 
PRODUCTION  CASTINGS  MAY  BE  AS  LOW  «3  75  PERCENT,  ANG  ELONGATION  0C  AS  LOW 
AS  25  FERCENT  OF  THE  TABULATED  VAlUES. 
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3.15.2  535.0  (ALMA(;  35)  ALLOY 

3  15.2.0  Comment':  anti  Properties. — 535.0  is  a 
medium  strength  sand  easting  alloy  used  in  the  as 
cast  condition.  Refer  to  Section  3. 1.3. 4  for  com¬ 
ments  regarding  the  weldability  of  the  alloy. 

A  material  specification  for  535.0  is  presented 
in  Table  3.15.2.0(a).  Room-temperature 
mechanical  and  physical  properties  arc  shown  in 
Table  3.15.2.0(b). 


TABU:  3.15.2.0(a).  Material  Specification  for 
535.0  Aluminum  Alloy 


Specification 

Form 

OQ-A-601 . 

Sand  castings 

The  temper  index  for  535.0  is  as  follows. 

Section 

Temper 

3.15.2.1 

F 

TABLE  3.15.2.0(0.  DESIGN  MECHANICAL  *NC  PHtSICAu  aPKOPEicTIES  OF 

535.0  ALUMINU*  Aw  LOT  (CAlTINGj) 


5ECI FIC AT  I CN . 

)RM . 

INDITION . 

ASS . 

SIS . 


QQ-A-&C1 _ 

SANG  CASTINGS 

_  F  _ 


eHANICAc  PROPERTIES! 

FTUt  MPA . 

FTY  >  MFA  .  . . 

FCY,  “PA . 

FSU.  MPA . 

FBRU,  MPA  I 

( E/0= 1.5) . 

(E/0=  2.0) . 

FBRY,  MPA! 

(E/Ci=1.5) . 

(E/0=  2.0) . 

EL.  PERCENT . 

E,  G F A . 

EC.  GFA . 

G,  GFA . 

MU . 


2A1 
12  A 


9 

•  • 

«  • 

•  • 

0.33 


rSICAL  FRCPERTIFSt 

.  OMEGA  ,  HG/M3 . 

i C.  J/(G*K) . 

K,  H/(M*K) . 


63 


ALPHA,  10-6  M/  <M«<) .  . 


^reference  spcllo  be  mace  tc  thf  specific  requirements  cf  the  procuping  o- 

I  CERTIFICATING  AGENCY  in  RFGARO  to  THE  USE  OF  THE  ABOVE  VALUES  in  1  HE  GEalGN 
!  OF  CASTINGS. 

bMECHANICAL  PROPERTIES  IN  THIS  COLUMN  ARE  EASED  UPON  THE  MINIMUM  GU*-" ANT tEO 
TENSILE  PROPERTIES  FROM  SEPARATELY  CAST  TEST  eARS  .  THE  STRENGTH  OF 
PRODUCTION  CASTINGS  MAY  EE  AS  LOW  AS  75  PERCENT,  AnO  ELONGATION  OF  AS  eOW 
AS  25  PERCENT  OF  THE  TABL'LATEO  VALUES. 
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3.16  Unasiigncd 

3.17  700.0  .Series  Cast  Alloys 

3; 1 7. 1  D712.0  (40-E)  ALLOY 

3.17.1.0  Comments  and  Properties. — D712.0  is 
an  Al-Zn-Mg  sand  casting  alloy  which  develops 
high  strength  without  solution  heat  treatment. 
Refer  to  Section  3. :  .3.4  for  comments  regarding 
the  weldability  of  the  alloy. 

A  material  specification  for  D712.0  aluminum 
alloy  is  presented  in  Table  5.17.1.0(a).  Room- 


temperature  mechanical  and  physical  properties 
arc  shown  in  Table  3.17.1.0(b). 

Table  3.17.1.0(a).  Material  Specification  for 
D71 2.0  Aluminum  Alloy 


Specification 
QQ-A-601  .  .  .. 


Form 

Sand  castings 


The  temper  index  for  D712.0  is  as  follows: 


Section 

3.17.1.1 


Temper 

T5 


TAELE  3.17.0(3).  DESIGN  NECHANIC41  AND  PHYSICAL  PROPERTIES  CF 
0712.0  ALUMINUM  ALL  CY  (CASTINGS) 


SPECIFICATION. 

FORH . 

CONDITION . 

CLASS . 

BASIS . 


QQ-A-601 

^N.P— GASI1N1 

_ T  5 _ 

17M~ 

S5 


MECHANIC Al  PROPERTIES t 

FTU,  MPA . .  . 

FTY,  “PA . 

FCY,  MPA . 

FSU,  MPA . 

FBRUt  fiPAt 

. . . 

(E/0=2.0) . 

FBRY,  HP At 

(E/0=1.5) . 

(E/0=2.3) . 

EL,  PERCENT . 

c,  GPA ..............  . 

EC,  GPA . 

G,  GPA . . 

HU . 


3 

71.0 

71.0 

26.2 

0.33 


PHYSICAL  FRCPERT IES  t 

OMEGA,  HG/M3. . 

C,  J/ (G*  K) . 

K,  W/(M*K) . 

ALPHA,  10-6  H/  (M*<) .. 


2.80 

0.96  (AT  373  K) 

13  e  (AT  298  K) 

29 .7  (294  TO  364  K) 


Reference  smculo  be  made  tc  the  specific  requirements  cf  the  procum.ing  o3 

CERTIFICATING  AGENCY  IN  REGARD  TO  THE  USE  OF  THE  ABOVE  VALUES  IN  THE  DESIGN 
.  OF  CASTINGS. 

MECHANICAL  PROPERTIES  IN  THIS  COuUHN  ARE  BASED  UPON  THE  MINIHUM  GUARANI tEu 
TENSILE  PROPERTIES  FA  CM  SEPARATELY  CAST  TEsT  ears.  THE  STRENGTH  CF 
PRODUCTION  CASTINGS  MAY  BE  AS  LOH  AS  7 5  PERCENT,  *NG  ELONGATION  AS  LOW  AS 
25  PERCENT,  CF  THE  TABULATED  VALUES. 
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3.20  Element  Properties 

3.20.1  BEAMS.  See  Equation  1  3.2.3,  Section 
1 .5.2.5,  and  Reference  1.7.1  lor  general  informa¬ 
tion  on  stress  analysis  of  beams. 

3.20  1.1  Simple  Hearns. — Beams  of  solid,  tubu¬ 
lar,  or  similar  cross  sections  can  be  aussumed  to 
fail  through  exceeding  an  allowable  modulus  of 
rupture  in  bending  (Fb).  In  the  absence  of  specific 
data,  the  ratio  Fh/Ft0  can  be  assumed  to  be  1.25 
for  solid  sections. 

3.20.1.1.1  Round  Tubes. — For  round  tubes,  the 
value  of  Fb  will  depend  on  the  DA  ratio  as  well  as 
the  ultimate  tensile  stress.  The  bending  moduli  of 
rupture  of  round  tubes  of  various  aluminum 
alloys  arc  given  in  Figure  3.20.1,1.1.  It  should  be 
noted  that  these  values  apply  only  when  the  tubes 
arc  restrained  against  local  buckling  at  the  load¬ 
ing  points. 

3.20.1.1.2  Unconventional  Cross  Section. — Sec¬ 
tions  other  than  solid  or  tubular  should  be  tested 
to  determine  the  allowable  bending  stress. 

3.20.1.2  Built-Up  Beams. — Built-up  beams  will 
usually  fail  because  of  local  failures  of  the  com¬ 


ponent  parts,  in  aluminum-alloy  construction, 
the  strength  of  liftings  and  joints  is  an  important 
feature  (sec  Reference  3.20.1.2). 

3.20  1.3  Thin-Weh  Beams. — The  allowable 
stress  for  thin-web  heams  will  depend  on  the 
nature  of  the  failure  and  is  determined  from  the 
allowable  stresses  of  the  web  in  tension  ami  of  the 
flanges  or  stiffeners  in  compression. 

3.20.2  COLUMNS 

3.20.2.1  Primary  Failure. — The  general  formula 
for  primary  instability  is  given  in  Section  1.3.8. 

3.20.2.2  Local  Failure. — The  local  stability  of 
aluminum  alloy  column  sections  may  be  deter¬ 
mined  using  the  methods  outlined  in  References 
3.20.2.2(a)  through  (e). 

3.20.2.3  Column  Properties. — Curves  of  the 
allowable  column  stresses  for  round  and 
streamline  tubing  are  given  in  Figure  3.20.2.3. 
The  allowable  stress  is  plotted  against  the  effec¬ 
tive  slenderness  ratio,  defined  by  the  formula: 

■t!  =  -L  (3.20.2.3) 

P  Pyft 


FIGURE  3.20. 1 . 1 . 1 .  Rending  modulus  of  rupture  for  aluminum  alloy  round  tubing. 


3.20.3  TORSION 

3.20.3.1  Grnm//.  The  torsional  failure  of 
aluminum-alloy  tubes  mav  * .  due  to  plastic 
failure  of  the  metal  ''■•'*•*1..  instability  of  the  walls, 
or  an  intermediate  condition.  Pure  shear  failure 
will  not  usually  occur  within  the  range  of  wall 
thicknesses  commonly  used  for  aircraft  tubing. 


3.20.3.2  Torsion  Properties. — The  curves  of 
Figures  3.20.3.2(a)  through  (g)  are  derived  from 
the  method  outlined  in  Reference  2.13.2  and 
take  into  account  the  parameter  L/D.  The 
theoretical  results  set  forth  in  Reference  2.7. 3. 2 
have  been  found  to  be  in  good  agreement  with  the 
experimental  results. 


KhSSSSBhmSbbhimuhibsinh 
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FIGURE  3.20.3.2(a) 


Torsionai  modulus  cf  rupture — 
2014- T6  aluminum  alloy  rolled  rod 
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Chapter  4 

MAGNESIUM  ALLOYS 


4.1  General 

This  chapter  contains  the  engineering  proper¬ 
ties  and  characteristics  of  wrought  arid  cast  mag¬ 
nesium  alloys  used  in  aircraft  and  missile  applica¬ 
tions.  Magnesium  is  a  lightweight  structural  metal 
that  can  be  strengthened  greatly  by  alloying,  and 
in  some  cases  by  heat  treatment  or  cold  work  or 
by  both. 

4.1.1  ALLOY  INDEX.— The  magnesium 
alloys  in  this  chapter  are  listed  in  alpha-numeric 
sequence  in  each  of  two  parts,  the  first  one  being 
wrought  forms  of  magnesium  and  the  second  cast 
forms.  These  sections  and  the  alloys  covered 
under  each  are  as  follows: 

4.2  Magnesium  Alloy  Wrought  Products 

4.2.1  AZ31B 

4.2.2  AZ61A 

4.2.3  AZ80A 

4.2.4  HK31A 

4.2.5  HM21A 

4.2.6  HM31A 

4.2.7  LA  141 A 

4.2.8  ZK60A 

4.3  Magnesium  Alloy  Cast  Products 

4.3.1  AM100A 

4.3.2  AZ81A 

4.3.3  AZ91C 

4.3.4  AZ92A 

4.3.5  EZ32A 

4.3.6  HK31A 

4.3.7  HZ32A 

4.3.8  QE22A 

4.3.9  ZH62A 

4.3.10  ZK51A 

4.1.2  MATERIAL  PROPERTIES 

4, 1.2. 1  Mechanical  Properties. — The  mechani¬ 
cal  properties  are  given  either  as  design  values  or 
for  intormation  purposes.  The  tensile  strength 
(F,„),  tensile  yield  strength  ( F,y ),  elongation  (e), 
and  sometimes  the  compressive  yield  strength 
(Frv)  are  guaranteed  by  procurement  specifica¬ 
tions.  The  pro,  ertics  obtained  reflect  the  location 
of  sample,  type  of  test  specimen  and  method  of 


testing  required  by  the  product  specification.  The 
remaining  design  values  arc  "derived”  values; 
that  is,  sufficient  tests  have  been  made  to  ascertain 
that  if  a  given  material  meets  the  requirements  of 
the  product  specification,  the  material  will  have 
the  compression  (F^),  shear  (Fall)  and  bearing 
(Fbn,  and  Ftr> •)  strengths  listed. 

4. 1.2. 1.1  Tension  Testing.  Room-temperature 
tension  tests  are  made  according  to  ASTM  E8, 
Tension  Testing  of  Metallic  Matciials.  The  yield 
strength  (F())  is  obtained  by  the  "offset  method” 
using  an  offset  of  0.2  percent.  The  elongation  (e) 
is  not  a  design  allowable  but  is  of  some  use  in 
comparing  materials  where  large  changes  of  duc¬ 
tility  may  be  of  concern.  The  elongation  values 
are  given  as  percent  and  are  based  on  a  gage 
length  of  51  mm  or  4  times  the  diameters.  The 
speed  of  testing  for  room-temperature  tests  has  a 
small  effect  on  the  strength  and  elongation  values 
obtained  on  most  magnesium  alloys.  The  rate  of 
stressing  generally  specified  to  the  yield  strength 
is  less  than  690  MPa  per  minute  and  the  rate  of 
straining  from  the  yield  strength  to  fracture  is  less 
than  0.5.  One  exception  is  for  LA141 A  where  the 
product  specification  covering  this  alloy  specifies 
a  closely  controlled  rate  of  straining  for  room- 
temperature  tension  tests.  For  the  other  alloys  it 
can.be  expected  that  the  speed  of  testing  used  for 
rocm -temperature  tension  tests  will  approach  the 
maximum  permitted. 


Elevated -temperature  tension  tests  are  made 
according  to  ASTM  E21,  Short-Time  Elcvated- 
Tempeiaturc  Tension  Tests  of  Materials;  Recom¬ 
mended  Practice  For.  The  speed  of  testing  has  a 
considerable  effect  on  the  results  obtained  and  no 
one  standard  rate  of  straining  is  given  in  E21 .  The 
strain  rates  most  commonly  used  on  magnesium 
are  0.005  m/m/min  to  the  yield  and  0.10 
m/m/tnin  from  yield  to  fracture  [see  References 
4.1.2.1.1(a)  to  (d)]. 


4. 1.2.1. 2  Compression  Tes'mg. — The  compres¬ 
sion  test  methods  used  for  magnesium  arc  those  in 


ASTN1  E9,  Compression  Testing  of  Metallic 
Materials  at  Room  Temperature.  The  values 
given  for  the  compressive  > icld  strength  (FCy),arc 
taken  at  an  of.^ct  of  0.2  percent.  References 
4.1.2.1.2(a)  and  (b)  provide  information  on  test 
techniques. 

4. 1.2. 1.3  Bearing  Testing. — Bearing  tests  of 

magnesium  alloys  arc  made  according  to  ASTM 
E238.  Pin-Type  Bearing  Test  of  Metallic 
Materials.  The  size  of  pin  used  has  a  significant 
effect  on  the  values  obtained,  especially  the  bear¬ 
ing  strength  On  tests  made  to  obtain  the 

data  on  magnesium  alljys  shown  in  this  docu¬ 
ment,  pin  diameters  of  A.  75  mm  and  6.35  mm 
were  used.  For  pin  diameters  significantly  larger 
than6 .35  mm  lower  values  may  be  obtained.  Ad¬ 
ditional  information  on  bearing  testing  is  given  in 
References  4.1.2.1.3(a)  and  (b).  Bearing  values  in 
the  property  tables  are  considered  to  be  “dry  pin” 
values  in  accordance  with  the  discussion  in  Sec¬ 
tion  1.4.7. I . 

4. 1.2. 1.4  Shear  Testing. — No  standard  methods 
for  shear  testing  have  been  written.  The  values 
used  in  this  document  were  obtained  by  the  “dou¬ 
ble  shear”  method  using  a  pin-type  specimen,  the 
"punch  shear"  method  and  the  “tension  shear” 
method  as  applicable.  Just  as  tensile  strength  (F,„) 
values  vary  with  location  and  direction  of  sample 
in  relation  to  the  method  of  fabrication,  the  shear 
strength  (f,,,)  may  be  expected  to  reflect  the 
effects  of  orientation  cither  as  a  function  of  the 
sampling  or  the  maximum  stresses  imposed  by  the 
method  of  test.  Information  on  shear  testing  is 
given  in  Reference  4. 1.2. 1.4. 

4. 1.2. 1. 5  Stress  Raisers. — The  effects  of 
notches,  holes,  and  stress  raisers  on  the  static 
properties  of  magnesium  alloys  are  given  in 
References  4.1.2.1.5(a)  through  (c).  Additional 
data  on  the  strength  properties  of  magnesium 
alloys  arc  given  in  References  4.1.2.1.5(d) 
through  (i). 

4. 1.2. 1.6  Sin  ss- Strain  Relationships. — The 
stress  strain  relationships  presented,  which  in¬ 
clude  elastic  and  tangent  moduli,  arc  typical 
curve*  based  on  one  or  more  groups  of  test  data. 
Being  typical,  these  curv cs  will  not  correspond  to 
yield-stress  and  modulus-of-clasticity  data 


presented  as  design  allowables.  However,  the 
stress-strain  relationships  arc  no  less  useful,  since 
there  are  well-known  methods  for  using  these 
curves  in  design  by  reducing  them  to  a  minimum 
curve  affine  to  the  typical  curve  or  by  using  Ram- 
beig-Osgood  parameters  obtained  from  the  typi¬ 
cal  curves.  [See  References  4.1.2.1.6(a)  and  (b).) 
If  discrepancies  exist  between  the  modulus  or 
yield  stress  of  the  stress-strain  curve  and  the 
modulus  or  yield  stress  of  the  tables  or  elevated- 
temperature-property  curves,  the  latter  values 
should  be  used.  Other  information  can  be  found 
in  Reference  4.1.2.1.6(c). 

4. 1.2. 1.7  Creep. — Curves  for  computing  the  ap¬ 
proximate  reduction  in  ultimate  tensile  strength 
under  long-time  loads,  and  for  predicting  corre¬ 
sponding  deformation,  when  available,  are  shown 
in  the  appropriate  alloy  sections.  See  ASTM 
El 39,  Conducting  Creep  and  Timc-for-Rupture 
Tension  Tests  of  Materials  for  testing  procedures. 
Some  creep  data  on  magnesium  alloys  are  sum¬ 
marized  in  Reference  4. 1.2. 1.7.  See  Section 
1.4. 8.2.1  for  definitions  of  terms  used  in  figures 
containing  creep  data  in  the  individual  alloy  sec¬ 
tions. 

4. 1 .2. 1 .8  Fatigue. — Room-temperature  axial 
load  fatigue  data  for  several  magnesium  alloys 
arc  given  in  appropriate  sections  of  the  chapter 
for  specific  materials.  Since  the  test  conditions 
were  limited,  only  S-N  curves  are  shown  for  in¬ 
dividual  load  ratios,  R.  In  using  these  daia,  it 
should  be  remembered  that  they  have  been  ob¬ 
tained  from  specimens  in  which  stress  concentra¬ 
tions  are  purposely  minimized,  and  that  suitable 
allowance  should  be  made  for  reentrant  corners, 
notches,  holes,  joints,  and  all  other  conditions 
which  may  produce  localized  high  stresses.  These 
localized  high  stressi  .  which  have  almost  no 
effect  on  the  static  strength  of  the  members,  arc  of 
importance  in  fatigue.  The  curves  given  in  the 
alloy  sections  were  obtained  by  testing  1 . 63  ran 
by  25  mm  sheet  specimens  and  0.8  mm  diameter 
machined  and  polished  specimens  in  Krouse 
direct  tension-compression  fatigue  machines.  The 
data  represent  uniformly  distributed  stresses 
which  such  specimens  will  withstand  undci  re¬ 
peated  axial  loads.  Reference  4. 1.2. 1.8  provides 
data  on  fatigue  of  magnesium  alloys. 
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4.1.3  PHYSICAL  PROPERTIES.  —  Selected 
experimental  data  from  the  literature  were  used 
in  determining  values  of  the  physical  properties 
where  possible.  In  other  cases,  enough  informa¬ 
tion  was  available  to  calculate  the  constants.  Esti¬ 
mated  values  of  some  of  the  remaining  constants 
were  also  included.  Calculated  and  estimated 
values  are  indicated  in  the  tables.  All  of  the  physi¬ 
cal  constants  listed  may  be  considered  as  design 
values  in  the  absence  of  more  reliable  data. 

4.1.4  ENVIRONMENTAL  CONSIDERA¬ 
TIONS.  —  Corrosion  protection  must  be  con¬ 
sidered  in  all  magnesium  designs.  Protection  can 
be  provided  by  anodic  films,  chemical  conversion 
coatings,  paint  systems,  platings,  or  a  combina¬ 
tion  of  these  methods.  Proper  drainage  must  be 
provided  to  prevent  entrapment  of  water  or  other 
fluids  Dissimilar  metal  joints  must  be  properly 
and  completely  insulated,  including  barrier  strips 
and  sealants. 

Strain-hardened  or  age-hardened  alloys  may  be 
annealed  or  overaged  by  prolonged  exposure  to 


elevated  temperatures,  with  a  resulting  decrease 
in  strength.  Maximum  recommended  tem¬ 
peratures  for  prolonged  service  arc  reported, 
where  available,  for  specific  alloys. 

4.1.5  ALLOY  AND  TEMPER  DESIGNA¬ 
TIONS.  —  Standard  ASTM  nomenclature  is 
used  for  the  alloys  listed.  The  temper  designa¬ 
tions  used  arc  those  given  in  ASTM  B296, 
Temper  Designations  of  Magnesium  Alloys,  Cast 
and  Wrought.  A  summary  of  the  temper  designa¬ 
tions  used  in  this  document  is  given  in  Table 
4.1.5. 

4.1.6  JOINING  METHODS.  —  Most  mag¬ 
nesium  alloys  may  be  welded,  refer  to  “Com¬ 
ments  and  Properties"  Sections  in  individual 
alloy  listings.  Adhesive  bonding  and  brazing  may 
be  used  to  join  magnesium  to  itself  or  other 
alloys.  All  types  of  mechanical  fasteners  are 
readily  applicable  to  magnesium.  Refer  to  Section 
4.1.4  when  using  mechanical  fasteners  or  joining 
of  dissimilar  materials  with  magnesium  alloys. 


T  ABLE  4.1.5.  Temper  Designations  for  Magnesium  Alloys 


Temper 

Definition 

F 

As  fabricated 

O 

Annealed,  rccryslallizcd 
(Wrougnl  products  onl>) 

H 

Strain  hardened  (Wrought 
products  onl>) 

H2.  plus  one 

Strain  hardened  and  then 

or  more  digits 

partially  annealed 

T 

Treated  to  produce  stable 
tempers  other  than  F,  O. 
or  H 

T4 

Solution  heat-treated 

T5 

Cooled  from  an  elesatcd-tcntperature 
shaping  process  and  (hen 
artificially  aged 

T6.T6I 

Solution  heat-treated  (T4)  and  then 
artificially  aged 

T’ 

Solution  heat-treated  (T4)  and  then 
stabilized 

T8.T8! 

Solution  heat-treated  (T4)cold 
worked,  and  then  artificially 
aged 
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4.2  Magnesium  Alloy  Wrought  Products 


The  temper  index  lor  AZ3IB  is  ;is  follows: 


4.2.1  AZ31B 

4  2.1.0  Comments  anti  1'ioperties. — AZ3 1  B  is  a 
wrought  magnesium-base  alloy  containing 
aluminum  and  zinc.  It  is  available  in  the  form  of 
sheet,  plate,  extruded  sections,  forgings  and 
tubes.  AZ3iB  has  good  room -temperature 
strength  and  ductility  and  is  used  primarily  for 
applications  where  the  temperature  does  not  ex¬ 
ceed  422  K-  Increased  strength  is  obtained  in  the 
sheet  ar.d  p!,.;c  form  by  strain  hardening  with  a 
subsequent  partial  anneal  (H24  and  H26  temper). 
No  treatments  arc  available  for  increasing  the 
strength  of  this  alloy  after  fabrication. 

Forming  of  AZ3IB  must  be  done  at  elevated 
temperatures  if  small  radii  or  deep  draws  are  re¬ 
quired.  If  the  temperatures  used  arc  too  high  or 
the  times  too  great.  H24  and  H26  temper  material 
will  be  softened.  This  alloy  is  readily  welded  but 
must  be  stress  relieved  after  welding  to  prevent 
stress  corrosion  cracking. 

Material  specifications  covering  AZ3IB 
wrought  products  are  given  in  Table  4.2.1.0(a). 

TABU!  4.2.1.0(a).  Material  Specifications  for 
AZ3IB  Magnesium  Alloy 


Specification 

Foi  m 

QQ-M-31 

Extrusions 

QQ-M-40 

Forgings 

QQ-M-44 

'  Sheet  and  plate 

WW-T-285 

Tubes 

Section  Temper 

4. 2.1.1  0 

4.2. 1.2  H24 

4.2. 1.3  H26 

4.2. 1.4  F 

Room-Temperature  Properties 

Room -temperature  mechanical  and  physical 
properties  are  shown  in  Tables  4.2. 1 .0(b)  and  (c). 
The  effect  of  temperature  on  physical  properties 
is  shown  in  Figure  4.2. 1.0. 

4. 2. 1.1  AZ3IB-0  Temper. — Effect  of  tem¬ 
perature  on  the  tensile  modulus  of  sheet  and  plate 
is  presented  in  Figure  4. 2. 1. 1.4.  Typical  room- 
temperature  stress-strain  curves  and  tangent- 
modulus  curves  are  presented  in  Figure  4.2. 1.1.6. 
A  typical  axial-load  fatigue  curve  for  AZ31B-0 
sheet  is  shown  in  Figure  4.2. 1.1.8. 

4. 2.1. 2  AZ3IB-H24  Temper. — Effect  of  tem¬ 
perature  on  the  mechanical  properties  of  sheet 
and  plate  in  this  temper  is  shown  in  Figures 
4.2.1.2.1(a)  through  4. 2. 1.4. 

Typical  room-temperature  tension  and  com¬ 
pression  stress-strain  curves  and  tangent-modulus 
curves  for  sheet  in  this  temper  are  shown  in  Figure 
4. 2. 1.2.6. 

Creep  data  at  room  temperatures  from  422  Kto 
589  Karc  shown  in  Figures  4.2.1.2.7(a)  through 
(d)  for  this  temper. 

Figure  4. 2. 1.1. 8  also  contains  fatigue  data  on 
unnotched  sheet  at  room  temperature  for  AZ3 1 B- 
H24. 


4. 2. 1. 3  AZ3IB-H25  Temper. 

4.2. 1.4  A7.HB -T  Temper. — Figure  4.2. 1.1. 8 
contains  fatigue  data  on  unnotchcd  extrusions 
at  room  temperature  for  AZ3JB-F. 
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^BEARING  VrtuUES  a  RE  ORY  PIN  VALUES  PER  SECTION  1.4.7. 1. 
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FIGURE  4. 2. 1.0.  Effect  of  temperature  on  the  physical 
properties  of  wrought  AZ31B. 
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4.  J. 1.1. 6.  Tvpical  tensile  and  compressive  stress-strain  and  compressive 
tangent-modulus  curves  for  AZ31B-0  (sheet  and  plate)  at 
room  temperature. 
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riGURE  4. 2. 1.1. 8.  Typical  fatigue  curves  for  AZ31B-0  and  AZ318-H24 

sheet,  and  AZ31B  -  F  extrusions  at  room  temperature. 
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FIGURE  4.2.1.2.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (Ftu)  of  AZ31B-H24  (sheet  and  plate). 
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FIGURE  4.2.1.2.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F  )  of  AZ31B-H24  (sheet  and  plate). 
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FIGURE  A. 2.1. 2. 3(a) .  Effecr  of  temperature  on  the  ultimate  bearing  strength 
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AZ31B-H24  (sheet  and  Dlate). 
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Figure  4.2.1.2.7(a).  Creep  data  for  A%3!  B-H24  magne¬ 
sium  alloy  (sheet)  at  422  K. 

Deformation  includes  thermal  expansion  of  0.2?  wrr- 

ccnt.  Heating  rate  283  to  285  K  per  second. 
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Figure  4.2.1.2.7(b).  Creep  data  for  Af3IB-H2f  magne¬ 
sium  alloy  (sheet)  at  478  K. 

Deformation  includes  thermal  expansion  of  0.47  per¬ 
cent.  Heating  rate  283  to  289  K  per  second. 
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Percent  Ffu  at  Room  Temperature  Percent  Ffu  at  Room  Temperature 


Ficure  4.2.1.2.7(c).  Creep  data  for  A^3 1 B-H24  magne¬ 
sium  alloy  (sheet)  at  533  K. 


Deformation  includes  thermal  expansion  of  0.71  per  - 
cent.  Heating  rate  294  K  per  second. 


Ficure  4.2.1.2.7(d).  Creep  data  for  AZ3IB-H24  magne¬ 
sium  alloy  (sheet)  at  589  K. 

Deformation  includes  thermal  expansion  of  0.90  per¬ 
cent.  Heating  rate  294  K  per  second. 
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4.2.2  AZ61A 

4. 2. 2.0  Comments  and  Properties. — AZ61 A  is  a 
wrought  magnesium-base  alloy  containing 
aluminum  and  zinc.  It  is  available  in  the  form  of 
extruded  sections,  tubes,  and  forgings  in  the  as- 
fabricated  (F)  temper.  AZ61A  is  much  like 
AZ31B  in  general  characteristics.  The  increased 
aluminum  content  increases  the  strength  and 
decreases  the  ductility  slightly. 

Severe  forming  must  be  done  at  elevated  tem¬ 
peratures.  This  alloy  is  readily  welded  but  must 
be  stress  relieved  after  welding  to  prevent  stress 
corrosion  cracking. 

Material  specifications  covering  AZ61A  are 
given  in  Table  4.2.2.0(a). 


TABLE  4.2.2.0(a).  Material  Specifications  for 

_ AZ61A  Magnesium  Alloy 

_ Specification _ Form _ 

QQ-M-31  .  Extrusions 

QQ-M-40  .  Forgings 

WW-T-825  .  Tubes 


The  temper  index  for  AZ61A  is  as  follows; 
Section  Temper 
4.2.2.1  F 


Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.2.2.0(b). 

4.2.2. 1  AZ61A-F  Temper. — A  typical  fatigue 
curve  is  shown  in  Figure  4.2.2. 1.8  for  extrusions 
in  this  temper. 
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FIGURF  4. 2. 2. 1.8.  Typical  fatigue  curve  for  AZ91A-F  (extrusions) 
at  room  temperature. 
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TABLE  4.2.2.0(B).  0E3IGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 

A261A  MAGNESIUM  ALLOY  (EXTRUSIONS  AND  FORGINGS) 


SPECIFICATION 

FORM . 

FORM . 

TEMPER . 

THICKNESS*  MM 

BASIS . 


MECHANICAL  PROPERTIES: 
FTU,  MPA: 

L-... . 

LT . 

FTY «  MPA l 

L . 

LT . 

FCY  *  hpa: 

. . 

LT . 

FSU.  MPA . 

FBRlT*  MPAt 

(E/0=i.S) . 

<E/O=2.01 . 

F8RY,  MPA: 

<E/D=l.-5> . 

(E/0=2.01 . 

EL*  PERCENT: 

L . 

LT . . 

E.  GPA*. . 

EC*  GPA . . 

G«  GPA . 

HU . 


PHYSICAL  PROPERTIES: 

OMEGA*  HG/H3 . . 

C*  J/(G*K> . . 

K*  W/(M*KJ . 

ALPHA,  10-6  »:/(M*K). 


*  BEARING  VALUES  ARE  DRr  PIN  VALUES  PER  SECTION  1.4.7. 1. 
b  ESTIHAT i 0. 
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4.2.3  AZ80A 


The  temper  index  for  AZ80A  is  as  follows: 


4. 2. 3.0  Comments  and  Properties. — AZ80A  is  a 
wrought-mngnesium-base  alloy  with  the  highest 
aluminum  content  of  the  wrought  magnesium 
alloys  containing  aluminum  and  zinc.  It  is  availa¬ 
ble  n  the  form  of  solid  extruded  shapes  and  forg¬ 
ings.  AZ80A  is  much  like  AZ16A  in  general 
characteristics  except  that  it  has  greater  strength 
and  less  ductility  and  better  resistance  to  stress 
corrosion  cracking.  It  is  available  in  the  F  and  T5 
tempers;  the  T5  temper  material  having  higher 
strength  with  some  loss  in  ductility. 

Most  bending  and  forming  must  be  done  at  ele¬ 
vated  temperatures.  This  alloy  is  not  commonly 
welded.  It  requires  stress  relief  after  welding  to 
prevent  stress  corrosion  cracking. 

Material  specifications  covering  AZ80A  are 
given  in  Table  4.2.3.0(a). 

Table  4.2.3.0(a).  Material  Specijlcations  for 
AZ80A  Magnesium  Alloy 


Specification 

Form 

QQ-M-31  . 

Extrusions 

QQ-M-40 . 

Forgings 

Section  Temper 

4.2.3. 1  F 

4. 2.3.2  T5 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.2.3.0(b). 

4.2.3. 1  AZ80A-F  Temper 

4. 2. 3. 2  AZ80A-T5  Temper. — Effect  of  tem¬ 
perature  on  tensile  properties  is  shown  on  Figure 
4.2.3.2.1(a)  and  (b). 

Figure  4. 2.3. 2.6  contains  typical  stress-strain 
and  tangent-modulus  curves  for  extrusions. 

Creep  properties  for  AZ80A-T5  forgings  at 
various  temperatures  arc  shown  in  Figures 
4.2.3.2.7(a)  and  (b): 
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SPECIFICATION . 

QO-H-31.  ... 

! _ QQ-m 

-40 

FORM . 

EXTRUDED  BARS,  ROOS, 

,  AND  SOLID  SHADES  ! 

1  FORGINGS 

TEMPER . 

F  ~ 

F 

THICKNESS,  HH . 

<  6.33 

i  6.34- 
TR.nfi 

38. OS- 
63 

63.49- 

126.97 

<.  6.33 

mi 

38.09- 
63.48  _ 

iryics 

.  .  . 

BASIS . 

S 

s 

S 

S 

S 

s 

s 

1 

s 

S 

S 

MECHANICAL  PROPERTIES  1 

. 

FTU,  MPA  1 

L . 

296 

296 

296 

290 

324 

331 

331 

310 

290 

29; 

LT . 

•  •  • 

•  •  • 

•  •  • 

•  •  « 

•  •  • 

•  •  • 

♦  •  ft 

•  ft  1 

FTY,  MPA« 

PH 

L . 

{Eg 

193 

193 

19S 

207 

228 

228 

179 

19 

IT . 

•  •  • 

•  •  m 

•  •  ft 

•  •  • 

n 

♦  •  • 

•  •  < 

FCY ,  MPA  1 

1K1SI1M 

HU 

1 

L . 

117 

117 

1 

193 

166 

179 

124 

17; 

LT . 

•  *t 

•  ♦  • 

•  «  1 

♦  »  • 

ft  *  • 

ft  ft  ft 

•  •  i 

FSU,  MPA . 

131 

131 

131 

•  •  • 

138 

138 

138 

ft  ft  * 

138 

13; 

F8RU  ,  H=>A! 

( E/0-1.5) . . . . . 

331 

331 

331 

•  •  • 

•  •  • 

•  •  • 

ft  ft  ft 

•  *• 

34( 

( E/0=2*  G )*«•••• • • • 

333 

3  66 

33  6 

•  •  • 

t  •  » 

ft«ft 

•  •  « 

«  ft  • 

#  »  • 

4a: 

FBRY^  MPA 1 

( E/O^i#  51 •••«• • • • • 

268 

266 

24  e 

•  •  « 

•  •  * 

•  •  • 

•  ft  • 

•  «  • 

ft  •  • 

291 

(E/D=2.0) . 

2  76 

276 

276 

«  »• 

•  •  « 

•  •  • 

•  ft  • 

«  ft  • 

ft  •  • 

•  •  < 

EL,  PERCENT! 

L . 

9 

s 

6 

4 

4 

4  ' 

2 

5 

LT . 

•  *  * 

•  *  * 

•  •  • 

•  •  • 

•  •  • 

•  •  ♦ 

ft  ft  ft 

*  *  1 

E,  SPA.. 
EC,  6 PA. 
G,  G  PA. . 
HU . 


PHYSICAL  PROPERTIES  I 

OHEGA,  MG/M3 . 

C,  J / (G*<) . 

K,  . 

ALPHA,  10-6  *1/ 


•»  4.8 
46. a 
16.5 
0.35 


1.80 

1*05“  (AT  299  K) 
76  (3/3  TO  S73  K) 
25.2  (291  TO  373  K) 


“BEARING  values  ARE  DRY  pin  VALUES  PEP  SECTION  1.6.7. 1 
bESTIMATEO. 
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FIGURE  A. 2. 3.2. 1(a) .  Effect  of  temperature  on  the  ultimate 

tensile  strength  (F  )  of  AZ80A-T5 
forgings. 


Temperoture,  K 

FIGURE  i. 2. 3.2.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (FCv)  of  AZ80A-T5 
forgings. 
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FIGURE  4. 2. 3. 2. 6.  Typical  stress-strain  and  tangent-modulus  curves  for 
AZ80A-T5  (extrusions)  at  room  temperature. 
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Percent  Ffu  at  Room  Temperature 


FIGURE  4.2.3.2.7(b) ,  Properci.es  of  AZ80A-T5  forgings  ac  422  K. 
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4.2.4  IIK31A 


The  temper  index  for  HK31 A  is  as  follows: 


4.2.4. 0  Comments  and  Properties. — HK31 A  is  a 
magnesium -base  alloy  containing  thorium  and 
zirconium  that  is  available  in  both  wrought  and 
cast  forms.  Casting  properties  arc  given  in  Section 
4.3.6.  It  has  relatively  high  strength  in  the  tem¬ 
perature  range  of  422  to  644  R  and  is  used  pri¬ 
marily  for  components  requiring  a  good  strength- 
to-weight  ratio  in  this  temperature  range.  In¬ 
creased  strength  is  obtained  in  sheet  and  plate  by 
strain  hardening  with  a  subsequent  partial  anneal 
(H24  temper). 

The  forming  must  be  done  at  higher  tem¬ 
peratures  than  for  the  magnesium-base  alloys 
containing  aluminum  and  zinc  to  get  equivalent 
formability.  HK3IA  arc -welds  readily  and  weld 
samples  have  joint  efficiencies  of  about  85  percent 
at  room  temperature.  At  478  t0589  K  the  weld 
strength  is  not  significantly  different  from  the 
base  sheet  properties.  Stress  relieving  is  not  re¬ 
quired  after  welding  to  prevent  stress  corrosion. 

A  material  specification  covering  HK31A  is 
given  in  Table  4.2.4.0(a). 

TABLE  4.2.4.0(a).  Material  Specification  for 
HK31A  Magnesium  Alloy 


Section 

4.2.4. 1 

4. 2. 4. 2 


Temper 

~ 0 
H24 


Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.2.4.0(b).  The 
effect  of  temperature  on  physical  properties  is 
shown  in  Figure  4. 2. 4.0. 

4.2.4. 1  HK31A-0  Temper 

4.2. 4.2  HK31A-H24  Temper. — Effect  of  tem¬ 
perature  on  curves  for  various  mechanical  prop¬ 
erties  is  shown  in  Figures  4.2.4.2.1(a)  through 
4 .2. 4. 2. 4. 

Typical  tension  and  compression  stress-strain 
curves  from  room  temperature  through  644  Rare 
given  in  Figures  4.2.4.2.6(a)  and  (b). 

Fatigue  curves  for  unnotched  sheet  samples  at 
room  temperature  and  478  Rare  shown  in  Figure 
4. 2.4. 2. 8. 


_ Specification 

MIL-M-26075  .... 


Sheet  and  plate 


Temperoture,  K 


FIGURE  4. 2* 4.0.  Effect  of  temperature  on  the  physical 
properties  of  HK31A. 
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TRANSVERSE  PROPERTIES  ARE  EQUAL  TO  OR  GREATER  THAN  THE  LONGITUDINAL 
PROPERTIES. 

BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4. 7.1. 
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FIGURE  A. 2. 4. 2. 2(b) 


Temperature,  K 

Effect  of  exposure  at  elevated  temperatures  on  the  room- 
temperature  compressive  yield  strength  (FCy)  of  HK31A-H24 
(sheet) . 
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FIGURE  4. 2. 4. 2. 4.  Effect  of  temperature  on  the  tensile  and  compressive 

moduli  (E  and  E  )  of  HK31A— H24  (sheet  and  plate) , 
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FIGURE  4. 2. 4. 2. 8.  Typical  fatigue  curves  for  HK31A-H24  (sheet) 
at  room  temperature  and  478  K. 
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4.2.5  HM2IA 


The  temper  index  for  HM2IA  is  as  follows. 


4. 2. 5.0  Comment s  and  Properties. — HM2I A  is  a 
magnesium-base  alloy  containing  thorium  and 
manganese.  It  is  available  in  the  form  of  sheet  and 
plate  usually  in  the  solution  heat-treated,  coid- 
worked.  and  artificially  aged  (T8)and  (T81)  tem¬ 
pers.  Forgings  arc  available  in  the  artificially 
aged  (T5)  temper.  It  is  used  primarily  in  the  tem¬ 
perature  range  of  533to700  K  where  it  is  superior 
from  a  strength  standpoint  to  the  other  mag¬ 
nesium  alloys  available  in  the  form  of  sheet,  plate 
and  forgings. 

Forming  must  be  done  at  higher  temperatures 
than  for  the  magnesium-base  alioys  containing 
aluminum  and  zinc.  Arc-welded  samples  of 
HM21A-T8  sheet  have  joint  efficiencies  of  85 
percent  at  room  temperature.  At  478  Kand  above 
the  weld  strength  is  not  significantly  different 
from  the  base  sheet  properties.  Stress  relieving  is 
not  required  to  prevent  stress  corrosion. 

Material  specifications  are  given  in  Table 
4.2.5.0(a).  AMS  4363  is  listed  for  forgings  in  ad¬ 
dition  to  QQ-M-40  because  it  covers  ring  forgings 
as  well  as  the  die  and  hand  forgings  covered  by 
QQ-M-40. 


Section 

Temper 

4.2.5. 1 

T8 

4. 2. 5. 2 

T81 

4. 2. 5. 3 

T5 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.2.5.0(b). 

4.2.5. 1  HM21A-TS  Temper. — Effect-of-tcm- 
perature  curv  cs  for  various  mechanical  properties 
arc  shown  in  Figures  4.2.5.1.1(a)  through 
4.2.5. 1.4  for  sheet  and  plate  with  this  temper. 

Typical  tension  and  compression  stress-strain 
curves  and  compression  tangent-modulus  curves 
for  sheet  at  several  temperatures  between  room 
temperature  and  644  K  are  presented  in  Figures 
4.2.5.1.6(a)  through  (c). 

4. 2. 5. 2  HM21A-T81  Temper.— The  effect  of 
temperature  on  tensile  strength  and  elongation  of 
sheet  material  in  this  temper  are  shown  in  Figures 
4.2.5.2.1  and  4.2.5.2.5. 


Table  4.2.5.0(a).  Material  Specifications  for 
HM21A  Magnesium  Alloy 


Specification 

Form 

QQ-M-40 . 

Forgings 

M1L-M-8917 . 

Sheet  and  plate 

AMS  4363  . 

Forgings 

TABLE  '*.2.5.0(31.  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

HH21A  MAGNESIUM  ALLOY  (SHEET,  PLATE  AND  FORGINGS) 


SPECIFICATION . 

•  ”  •  **  *  ” 

KIL-M 

-  f  9 1  7 

* 

QQ-M-40 

FORM... . 

FORM . .  . . 

SHEET  AND  PLATE 

FORGINGS 

TEMPER . . 

T  6 

T81 

T5 

THICKNESS.  MH . 

0.41- 

6.36 

6.37- 

12.71 

12.72- 

25.41 

25.42- 

50.81 

50.82- 

76.20 

5.46 

7-22_ 

<  101.  oO 

BASIS . 

S 

S 

5 

S 

S 

S 

kuA 

MECHANICAL  PROPERTIES! 

FTU.  MPA! 

. . 

726 

221 

207 

207 

207 

234  a 

LT . .  .... 

228 

221 

207 

207 

207 

234  a 

HUH 

FTY ,  MPA  ! 

. . 

124 

145 

145 

145 

145 

172a 

172 

LT . 

124 

145 

145 

146 

145 

172a 

•  •  • 

FCY,  MPA ! 

. . . 

103 

133 

117 

103 

97 

152  a 

•  •  • 

LT . 

103 

136 

117 

103 

97 

I52a 

•  *  • 

FSU,  MPA . 

145 

135 

131 

131 

131 

•  •  • 

•  •  « 

FBRU,  MPA! 

(E/D=l «  5) . 

324 

310 

296 

296 

296 

•  •  • 

•  *  • 

(E/0=  2.01 . 

386 

372 

359 

359 

359 

•  •  • 

•  «  ■ 

FBRY .  HPA l 

(E/0=1 • 5) . 

200 

241 

214 

290 

166 

•  •  • 

•  •  • 

(E/C=2. 0 ) . 

200 

241 

214 

200 

166 

•  •  • 

•  •  • 

EL,  PERCENT! 

. . 

6 

6 

6 

6 

6 

! 

4a  |  3 

LT . 

6 

6 

6 

6 

6 

4a 

...  1 

P.OL 

ANO 


EC,  GPA .  ! 

G,  GPA . 

MU . . . 


PHYSICAL  PROPERTIES! 

OHEGA ,  HG/H3 . 

C,  J/(G»K) . 

K,  H/(M*K) . 

ALPHA,  10-6  M/(H»K), 


8 

<*<*.  8 
16.  5 
0.35 


1.77 

1.  05  (at  299  K)c 
138  (373  TO  573  :<)c 
25.  2  (291  TO  373  K) 


^THESE  VALUES  MAY  NOT  EE  OBTAINED  USING  STRAIN  RATES  LOWER  THAN  0.010 

MM/MH/HIN  TO  THE  YIELC  STRENGTH  AND  APPROXIMATELY  0.3  HM/HM/HIN  FROM  THE 
b  YIELD  STRENGTH  TO  FRACTURE. 

BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4.7. 1. 

ESTIMATED. 
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FIGURE  4.2.5.1.1(b).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F  )  of  HM21A-T8  (plate). 
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Temperature,  K 

FIGURE  4.2.5.1.1(c).  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  HM21A-T8  (sheet), 
ty 


FIGURE  4.2.5.1.1(d).  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  HM21A-T8  (plate) . 
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Temperature,  K 

Effect  of  exposure  at  elevated  temperature  on  the  room- 
temperature  ultimate  tensile  strength  (F  )  of  HM21A-;'8 
(sheet  and  plate).  tu 
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FIGURE  4.2.5.1.1(f). 


Temperoture,  K 

Effect  of  exposure  at  elevated  temperature  on  the  room 
temperature  tensile  yield  strength  (F  )  of  HM21A-TS 
(sheet  and  plate) . 
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FIGURE  4.2.5.1.2(a).  Effect  of  temperature  on  the  compressive  yield  strength 

(F  )  of  HM21A-T8  (sheet  and  plate) . 
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Effect  of  temperature  on  the  ultimate  bearing  strength 

(F,  )  of  HM21A-T8  (sheet  and  plate) . 
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FIGURE  4.2.5. 1.3(b) 


Effect  of  temperature  on  the  bearing  yield  strength 
(FK^t )  of  HM21A-T8  (sheet  and  plate) . 
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FIGURE  4. 2. 5. 1.4. 


Temperature,  K 

Effect  of  temperature  on  the  tensile  and  compressive 
moduli  (E  and  E  )  of  HU21A-T8  (sheet  and  plate) . 
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flBBBBIBBIIBBrBf.BB^BBflBBf^<(BBflBBIBIBBBBBIBBBi|KMMMMNHr|i 

BflBBBBBBBBB.4rBr.«BI>>^BBBBBBBBBBBBflBV-=9 

■■■■■■■■■rrJBPBBBBBBBBBB'^tfBBBBBBBBM 
BBBflBflflBB'i'i^rBflBBBBBar^BflflBBBBflBBBBflflBBBBBBBBI 
■■■■■■■■r.r.BBBBBBBPB^BBBBBBBBBBBBBBBBBBBBBBBBBl 

■■■■■■■B//iBBBBPBrfBBBBBBBBBBBBBBBBBBBBBBBBBBBBI 
BBBBBBBr/'.'CiBBB^BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI 
BBBBBBB/  ^BW  Bl  BBI  B  <1BBB!  IBBI  |S  fllflBBBI 

BBBBBB^/  <BF  BBBBBBBBBB  ■■■■■■■■■■  ■■■3§P]P|JiBBBBBBB| 

■BBBBB''  B^BBBBBBBBBBBBB— ==,«■■■■■  AlWIMiBBBgi 
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Strain,  0.001  m/m 


n 

(RT) 

=  5.1 

n 

(422 

K)  = 

5.4 

n 

(478 

K)  = 

5.4 

n 

(533 

K)  = 

5.8 

n 

(589 

K)  = 

4.9 

n 

(644 

K)  = 

4.7 

FIGURE  4.2.5.1.6(a).  Typical  tensile  stress-strain  curves  for  HM21A-T8 

(sheet)  at  room  and  elevated  temperatures. 
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FIGURE  A. 2. 5. 2.1.  Effect  of  temperature  on  the  ultimate  tensile  strength 

(F  )  of  HM21A-T81  (sheet), 
tu 


FIGURE  A. 2. 5. 2. 5.  Effect  of  temperature  on  the  elongation  (e)  of  HN.21A-T81 

(sheet) . 
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4.2.6  HM31A 


A  temper  index  for  HM31A  is  as  follows: 


4. 2. 6.0  Comments  and  1‘rnpcities. — i  IM3  I .-'  is  a 
magnesium-base  alloy  containing  thorium  .. 
manganese.  It  is  available  in  the  form  of  so  id  -  < 
truded  shapes  in  the  artitieially  aged  (T5t  * 

It  is  used  primarily  in  the  temperatm- •  .  ?■'  .  ’ 

478  to  700  K. 

Forming  must  be  done  at  higlier  temperatt  rs 
than  for  the  magnesium -base  alloys  co-v.ai*  -if 
aluminum  and  zinc.  Arc-welded  samples  •  ; 
H.M3IA-T5  ha\e  joint  efficiencies  of  ab>>\’ 
percent  at  room  temperature  and  ab-mt  85  per¬ 
cent  at478  K.  Stress  relieving  after  welding  is  i.ot 
required  to  prevent  stress  corrosion. 

A  material  specification  is  given  in  Table 
4.2.6.0(a). 

TaBL.U  4.2.6.0(a).  Material  Specification  for 
HMMA  Magnesium  Altov 


Section  Temper 


4. 2.6.1  T5 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.2.6.0(b). 

4.2.6. 1  HM31A-T5  Temper. — Effect-of-tcm- 
ptiuiure  curves  for  various  mechanical  properties 
are  presented  for  this  temper  in  Figures 
4.2.6.1.1(a)  through  4. 2. 6. 1.4. 

Typical  tension  and  toni|>ic.-M<>ii  stress-strain 
curves  at  various  tcmpci  iluros  In  tween  toom 
temperature  and  700  K  are  prvs.  m>:d  m  Figures 

4.2.6. 1  (a)  and  (b). 


Specification 

Form 

MIL-M-S9I6 . 

• 

Extrusions 

TABLE  4. 2* 6.0  (3)  »  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

HM31A  MAGNESIUM  ALLOY  (EXTRUSIONS) 


SPECIFICATION . 

HIL-H6916 

FORM. . . . . 

EXTRUDEO  BAR,  ROD. 

FORM . . 

AND  SOLID  SHAPES 

TEMPER . 

T5  ..  _ 

CROSS-SECTIONA*.  AREA ,  CM2 

<  2560 

BASIS . 

1  s 

HECHANICAL  PROPERTIES) 

i 

FTU,  MPA  1 

. . 

255 

LT . 

•  •  • 

FTY,  MPA) 

. . 

179 

LT . . 

•  •  • 

FCY,  MPA) 

. . 

131 

LT.... . 

•  •  • 

FSU,  MPA . . . 

•  •  • 

FBRU,  MPA) 

<E/0=1  *5)  •  •  •  •  • 

•  •  « 

<E/D=  2.0) . 

•  •  • 

FBRY,  HP A) 

(E/0=1.5)  ........ 

•  •  • 

(E/D-2*0l  «•••*•••  j 

•  •  • 

EL,  PERCENT)  ! 

. . 

4 

LT . 

•  •  • 

E,  GP A . . 

44.8 

EC,  GPA.  . . . 

44.8 

G,  GPA . 

16.5 

MU . . 

0.35 

PHYSICAL  PROPERTIES) 

OHEGA,  MG/M3 . . 

1.80 

C,  J/(G*K) . 

A* 05  (AT  299  K)a 

K,  H/(M*K> . . 

106  (373  TO  573  K)a 

ALPHA,  10-6  M/(N*K>.. 

25.2  (291  TO  373  K) 

aESTIMATEQv 


4-43a 


X 


FIGURE  4.2.6.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F  )  of  HM31A-T5  (extrusion) . 


FIGURE  4.2.6.5.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F  )  of  HM31A-T5  (extrusion). 

ty 
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FIGURE  4.2.6.1.1(c).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  ultimate  tensile  strength  (F  ) 
of  H1131A-T5  (extrusion). 
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FIGURE  4.2.6.1.1(d).  Effect  of  exposure  at  elevated  temperature  on  the 

room-temperature  tensile  yield  strength  (F  )  of 
HM31A-T5  (extrusion)  . 
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Percent  FCy  at  Room  Temperature  g  Percent  Fcv  at  Room  Temperature 


IUU 


E  4.2.6.1.2(a).  Effect  of  temperature  on  the  compressive  yield 
strength  (F  )  of  HM31A-T5  (extrusions). 


FIGURE  4.2.6.1.2(b).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  compressive  yield  strength  (F  ) 
of  HM31A-T5  (extrusion). 
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Percent  E  &  Ec  at  Room  Temperature 


FIGURE  4. 2. 6. 1.4.  Effect  of  temperature  on  the  tensile  and  compressive 

moduli  (E  and  E  )  of  HM31A-T5  (extrusions) . 
c 


4-47 


4.2.7  LA  141 A 

4. 2. 7.0  Comments  ami  Properties — LA141A  is  a 
low-density  magnesium-base  alloy  containing 
lithium  and  aluminum.  It  is  available  as  sheet, 
plate  and  extrusions,  usually  in  the  stabilized 
(T7)  temper.  The  strength  of  LA141A  decreases 
rapidly  above  room  temperature  so  applications 
are  limited  to  those  requiring  low  density,  good 
forniability  and  weldability,  and  moderate 
strength  at  room  temperature  and  below. 

At  temperatures  at  least  down  to  room  tem¬ 
perature,  creep  deformation  of  LA141 A-T7  mag¬ 
nesium  alloy  can  be  expected  at  stresses  below  the 
yield  strength.  Limited  data  indicate  that  room- 
temperature  creep  can  approach  0.2  percent  total 
strain  in  10  hours  at  approximately  58  percent  of 
the  yield  strength,  or  in  100  hours  at  approx¬ 
imately  48  percent  F.y  LA141A  has  excellent 
forniability  at  room  temperature  and  good 
weldability  but  must  be  stress  relieved  after 
welding. 


A  material  specification  for  LA141A-T7  sheet 
and  plate  is  given  in  Table  4.2.7.0(a).  No 
specification  has  been  written  for  LAMIA  extru¬ 
sions. 


Table  4.2.7.0(a).  Material  Specification  for 
LAMIA  Magnesium  Alloy 


The  temper  index  for  LA141A  is  as  follows: 


Section  Temper 

4.2.7. 1  T7 

Room-Temperature  Properties 

Room -temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.2.7.0(b). 

4.2.7. 1  LA141A-T7. — Effect-of-temperature 
curves  for  this  temper  are  presented  in  Figures 
4.2.7.1.1(a)  through  4.2.7.I.5. 


T ABLE  4. 2. 7. 0(8).  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  De 
LA141A  MAGNESj-UM  ALLOY  (SHEET  AND  PLATE) 


SPECIFICATION . 

AMS  4  386 

FORM . 

SHEET  AND  PLATE 

CONDITION . «... 

_ 11 _ _ 

THICKNESS,  HM . 

0. 

51- 

2.31- 

6.37 

- 

2. 

30 

6.36 

50.80 

BASIS . . . 

A 

B 

* 

6 

A 

B 

MECHANICAL  PROPERTIES t 

1 

1 

FTU,  MPA: 

. . 

124 

131 

124 

131 

124 

131 

LT . 

•  •  • 

•  •  • 

•  ft  • 

•  •  • 

•  ft  • 

•  •  • 

FTY ,  MPAJ 

. . . 

S3 

97 

83 

90 

76 

90 

LT . 

t  M 

•  •  • 

•  •  • 

•  •  ft 

ft  ft  ft 

... 

FCY ,  MPAJ 

. . 

90 

103 

•  •  • 

ft  ft  ft 

ft  •  ft 

•  •  • 

LT . 

•  ft  • 

•  •  • 

•  •  • 

•  •  • 

ft  ft  ft 

FSU,  MPA . 

90 

97 

•  ft  • 

ft  •  ft 

... 

... 

F8RU?  MPAJ 

( E/0=1. 5) . 

•  •  • 

•  o  • 

... 

... 

•  •  • 

ft  ft  ft 

( E/D=2. 0  ) . . 

290 

3  03 

•  ♦  * 

•  •  • 

•  •  • 

•  •  • 

FBRYf  MPAJ 

(E/O-l.  5) . . 

•  «  • 

•  •  • 

*•* 

ft  •  ft 

•  ft  • 

ft  ft  ft 

( E/D= 2. 0). ........ 

152 

172 

... 

•  •  ft 

•  •  • 

•  ft  ft 

EL,  PERCENT: 

L . . . 

10 

•  •• 

10 

•  •  • 

10 

•  •  ft 

n . 

•  •  • 

... 

•  •  0 

•  •  • 

•  ft  ft 

E,  GPA . 

42 

1 

EC,  GPA . . . 

•  • 

G,  GPA . . . 

•  • 

MU.  . . 

•  • 

•  “‘rr“  “ 

ft  *****  — 

PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3.. ....... 

1 

34 

Ct  J/(G*K) . 

1 

.  47  (AT  297  K) 

K,  H/(M*K) . 

*3  (AT  297  K) 

ALPHA,  10-6  M/(H*K) . . 

39 

6  (297  TO  366  K) 

^BEARING  VALUES  ARE  DRY  f  IN  VALUES  PER  SECTION  1.4. 7.1. 
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200  s 


0  50  100  150  200  250  300  350 

Temperature,  K 


400 


FIGURE  4.2.7.1.(b).  Effect  of  temperature  on  Che  tensile 

yield  strength  (Fty)  of  LA  141A-T7 
sheet  0.508-2.286  mm  thick. 


4-52 


Elongation,  percent 


alii 


Elongation  at  temperature 


mniMiann 


Oil  iiiiiiliiiim 


■makaaaas 

HiiiSiilB 

i||!|!^p 


150  20 

Temperature,  K 


rrHh  la 

gilBlliil 


iiiiiii 


Ims: 

HlMHWl 

HHBbmh  §■■■■! 
■■«■■■■■■>■■ I 


Ki 

_ BSiiSl 

lllfi ■■■!■■■ 


300  350 


F1CURE  4. 2. 7. 1.5.  Effect  of  temperature  on  the  elongation 
of  LA141A-T7  sheet  0.508-2.286  mm  thick. 
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4.2.8  7.K60A 

4. 2. 8.0  Comments  Mid  Properties. — ZK60A  is  a 
wrought  magnesium -base  alloy  containing  zinc 
and  zirconium.  It  is  available  as  extruded  sec¬ 
tions,  tubes,  and  forgings.  Increased  strength  is 
obtained  by  artificial  aging  (T5)  from  the  as- 
fabricated  (F)  temper.  Increased  strength  for 
forgings  of  2  inches  thick  or  less  is  obtained  by 
solution  heat  treating  and  artificially  aging  to 
the  T6  condition.  ZK60A  has  the  best  com¬ 
bination  of  high  room-temperature  strength 
and  ductility  of  the  wrought  magnesium-base 
alloys.  It  is  used  primarily  at  temperatures 
below  422  K. 

ZK60A  has  good  ductility  as  compared  with 
other  high-strength  magnesium  alloys  and  can 
be  formed  or  bent  cold  into  shapes  not  possible 
with  those  alloys  having  less  ductility.  It  is  not 
considered  a  weldable  alloy. 

Material  specifications  for  ZK60A  are  given 
in  Table  4. 2. 8.0fa). 


Table  4.2.8.0(a).  Material  Specifications  for 
ZK60A  Magnesium  Alloy 


Specification 

Form 

QQ-M-31 . 

Extrusions 

WW-T-825 

Tubes 

QQ-M-40 . 

Forgings 

The  temper  index  for  ZK60A  is  as  follows: 
Section  Temper 


4.2.8. 1  F 

4.2. 8. 2  T5 

4. 2. 8. 3  T6 

Room-Temperature  Properties 

Room-tcmpcrature  mechanical  and  physical 
properties  are  shown  in  Table  4.2.8.0(b).  Effcct- 
of-temperature  curves  for  physical  properties  are 
shewn  in  Figure  4. 2.8.0. 

4.2.8. 1  ZK60A-F  Temper. — A  typical  fatigue 
curve  for  this  temper  is  presented  in  Figure 
4.2.8. 1.8. 

4. 2. 8. 2.  ZK60A-T5  Temper. — Typical  room- 
temperature  tension  and  compression  stress- 
strain  curves  for  extrusions  in  this  temper  are 
shown  in  Figures  4.2.8.2.6(a)  and  (b). 

A  typical  fatigue  curve  for  this  temper  is  pre¬ 
sented  in  Figure  4. 2.8. 1.8. 
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FIGURE  4. 2. 8.0.  Effect  of  truperature  on  the  physical  properties 
of  2K60A  magnesium  alloy. 
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VALUES  PER  SECTION  1.1,,?, 


Str«M,  MPa  s,,eM-  MPo 


4..'}  Magnesium  Alloy  Cast  Products 

4.3.1  AM  100A 

4. 3. 1.0  Comments  and  l*ropcrties. — AM100A  is 
a  magnesium-base  casting  alloy  containing 
aluminum  and  a  small  amount  of  manganese.  It  is 
primarily  used  as  permanent  mold  castings. 
AM100A  has  about  the  same  characteristics  as 
AZ92A. 

AM100A  is  available  in  the  as-cast  (F),  solu¬ 
tion  heat-treated  (T4).  and  solution  heat-treated 
and  artificially  aged  (T6  and  T61)  tempers. 

AM100A  has  less  tendency  to  microshrinkage 
and  hot  shortness  than  the  Mg-Al-Zn  alloys.  It 
has  good  weldability  and  fair  pressure  tightness. 

Material  specifications  for  AM100A  are  given 
in  Table  4.3.1.0(a). 


TAHLE  4.3.1.0(a).  Material  Specifications  for 
AM  1 00 A  Magnesium  Alloy 

Specification  Form 

QQ-M-55  .  Permanent  mold 

castings 

M1L-M-46062  .  Castings 

The  temper  index  for  AM100A  is  as  follows: 


Temper 


Section 

4.3. 1.1 

4.3. 1.2 

4.3. 1.3 

4.3. 1.4 


Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.3.1.0(b). 


TABLE  4.3.1.0(B).  oesign  mechanical  and  physical  properties  of 

AM100A  MAGNESIUM  ALLOY  (CASTINGS)3 


SPECIFICATION .  > 

FORH .  t 

TEMPER .  j_ 

LOCATION  WITHIN  CASTING  ■ • • •  j 


QQ-M-55 
'  T 61  I  T4 


SEPARATE  TEST  BARS 


MECHANICAL  PROPERTIES!  ; 

FTU,  MPA . .  j  133 

FTY,  HPA .  69 

FCY  i  MPA .  69 

FSU,  HPA . 

F3RU i  MPA: 

(E/0=1. 5) . 

( E/C-2. 0)... ......  ... 

FBRY  >  MPA  I 

(E/0=1. 5) . 

( E/0=2. 0) . . 

EL ,  PERCENT  ..........  _ ■ . . 

E,  G PA . 

EC,  G PA . 

G,  G PA . 


234  i  234 


;  UNSPECIFIED  LOCATIONS 


I  MIU-H-46062 

0 5 

T61J _ T6_ 

~  I  SPECIFIED  LOCATIONS*  ON! 


I  CLASS  1  :CLASS  2  CLASS 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/ M3 .  1.80 

C,  J/  (G*K) . 

K,  H/  (M*K) . 

ALPHA,  10-6  M/(M*<>.. 

— —  —  —  ——————  —  —  -  —  —  - .  » — —  •  — — —  • — —  —  —  —  — 

3 REFERENCE  SHOULD  3E  HADE  TO  THE  SPECIFIC  REQUIREMENTS  OF  the  PROCURING  OR 
CERTIFICATING  AGENCY  WITH  REGA.Ru  TO  THE  USE  OF  THE  ABOVE  VALUES  IN  THE 
OESIGN  OF  CASTINGS. 

bCLASS  OF  PROPERTIES  ATTAINABLE  DEPENDS  ON  LOCATION  SPECIFIED  AND  CASTING 
OESIGN  AND  SHOULD  BE  COORDINATED  KITH  THE  PROOUCER. 
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4.3.2  A7.81A 


The  temper  index  for  A281A  is  as  follows: 


4. 3.2.0  Comments  and  Properties. — AZ81 A  is  a 
magnesium-base  alloy  containing  aluminum  and 
zinc.  In  general  characteristics  it  is  much  like 
AZ9IC.  It  is  used  for  both  sand  and  permanent 
mold  castings  generally  in  the  solution  heat-treat¬ 
ed  (T4)  temper. 

AZ81A  has  good  weldability  and  fair 
pressure  tightness.  When  used  in  the  T4  temper 
it  has  less  tendency  for  natural  aging  to  the  T6 
temper  than  the  magnesium -base  alloys  with 
higher  aluminum  content. 

Material  specifications  for  AZ81A  are  pre¬ 
sented  in  Table  4.3.2.0(a). 


Section  Temper 

4. 3.2.1  T4 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.3.2.0(b).  The 
effect  of  temperature  on  physical  properties  is 
shown  in  Figure  4. 3. 2.0. 

4. 3. 2.1  AZ8  lA-Temper. — Typical  tensile 
stress-strain  curves  for  cast  AZ81A-T4  at 
various  temperatures  between  room  tem¬ 
perature  and  644  K  are  shown  in  Figure 
4. 3.2.1. 6. 


TABLE  4.3.2.0(a).  Material  Specifications  for 
AZ8IA  Magnesium  Alloy 


Specification 

Form 

QQ-M-56 . 

Sand  castings 

QQ-M-55 . 

Permanent-mold  castings 

4.3.3  AZ91C 


The  temper  index  for  AZ9IC  is  as  follows: 


4. 3. 3.0  Comments  and  Properties. AZ9 1 C  is  a 
magnesium-base  casting  alloy  containing 
aluminum  and  zinc.  It  has  good  castability  with  a 
good  combination  of  ductility  and  strength.  It  is 
the  magnesium  alloy  most  commonly  used  for 
sand  castings  at  temperatures  under  422  K. 
AZ91C  is  available  as  sand  and  permanent  mold 
castings  in  the  as-cast  (F),  as-cast  and  artificially 
aged  (T5),  solution  heat-treated  (T4)  and  solu¬ 
tion  heat-treated  and  artificially  aged  (T6) 
tempers. 

AZ91C  has  fair  weldability  and  pressure  tight¬ 
ness.  Castings  that  have  been  welded  and  subse¬ 
quently  heat  treated  to  the  To  temper  show  no 
degradation  of  static  or  fatigue  properties. 

Some  material  specifications  covering  AZ91C 
are  presented  in  Tabic  4.3.3.0(a). 


Table  4.3.3.0(a).  Material  Specifications  for 
AZ91C  Magnesium  Alloy 


Specification 

Form 

QQ-M-56  . 

Sand  castings 

QO-M-55  . 

Permanent-  mold  castings 

MIL-M-46062  ... 

Castings 

Section  Temper 


4.3.3. 1 

F 

4.3. 3. 2 

T4 

4.3.3. 3 

T5 

4. 3. 3.4 

To 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  arc  shown  in  Table  4.3.3.0(b). 

4.3.3. 1  AZ91C-F  Temper 

4. 3. 3. 2  AZ9'C-T-I  Temper. — Typical  tensile 
stress-strain  curves  for  cast  AZ91C-T4  at  room 
temperature  and  several  elevated  temperatures 
are  presented  in  Figure  4. 3. 3. 2.6. 

4. 3. 3. 3  AZ91C-T5  Temper 

4. 3. 3.4  AZ91C-T6  Temper. — Figure  4. 3. 3.4.4 
contains  an  effect  of  temperature  curve  on  tension 
and  compression  modulus  for  this  temper. 

Typical  tensile  stress-strain  curves  at  room 
temperature  and  several  elevated  temperatures 
are  presented  in  Figure  4. 3. 3. 4.6. 
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TABLE  4.3.3.0(B) 


.  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
A291C  MAGNESIUM  AlLOY  (CASTINGS) a 


SPECIFICATION. 
FORM. 


Q3-H-P5  AND  QQ-h-56 


MIL-M-460&2 


SAND  CASTINGS  «NO  PERMANENT-MOLD  CASTINGS 


TEMPER . 

?  i 

T  4  , 

T5  j 

T  6 

T4  | 

r~T6  i 

1  T  6 

i 

SPECIFIED 

LOCATIONS  ONLY0 

LOCATION  WITHIN  CASTING  .... 

SEPARATE  TEST  BARS 

LOCATIONS 

CLASS  1  | 

CLASS  2 

CLASS  3 

BASIS..... . 

S  1 

9  1 

S  1 

S 

S 

S 

5 

s  ! 

S 

s 

MECHANICAL  PROPERTIES: 

■ 

FT-J,  MPA . 

159  ! 

234 

159 

234 

117 

117 

241 

200  ' 

1  186 

FTY ,  MPA . 

76  | 

76 

83 

110 

62 

83 

124 

110  , 

97 

FCY  ,  HP  A . 

76 

76 

83 

110 

62 

83 

124 

110 

97 

FS'J ,  MPA.... . 

•  •  • 

117 

•  •  • 

131 

•  •  • 

««  * 

•  •  • 

•  •  • 

•  •  • 

FBRU?  MPA: 

( E/0=1. 5) . 

•  •  • 

248 

•  «  • 

34  5 

•  •  • 

•  •  4 

•  •  • 

*  •  • 

•  •  • 

<E/0=2. 0) . 

•  •  « 

345 

»  •  • 

448 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

FBRY?  MPA  I 

(E/0=1. 5) . 

•  •  • 

241 

♦  •  • 

248 

•  •  • 

•  •  • 

•  •  « 

•  •  • 

.  .  . . 

•  •  •  { 

276 

•  •  • 

310 

*  #  *  1 

•  •  ♦ 

•  •  • 

•  •  • 

EL,  PEF-CEN  T . 

•  •  « 

1  7. 

2 

3 

1.75 

0.75 

4 

3 

2 

E,  GPA . 

|  44. 8 

EC,  GPA . 
G,  GPA., 
MU . 


44.8 

16.5 

0.35 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/ M3 . 

C,  J/(G»K> . 

K,  W/  (M*K) . 

ALPHA,  10-6  M/ (M‘K) . . 


1.80 

1  >  85° 

71  <373  TO  573  K) 
25.2  (291  TO  373  K) 


“REFERENCE  SHOULO  BE  MAOE  TO  THE  SPECIFIC  REQUIREMENTS  OF  THE  PROCURING  OR 
CERTIFICATING  AGENCY  WITH  REGARD  TO  THE  USE  OF  THE  ABOVE  VA.UES  IN  THE 
OESIGN  OF  CASTINGS. 

“CLASS  OF  PROPERTIES  ATTAINABLE  OEPENDS  ON  LOCATION  SPECIFIED  AND  CASTING 
OESIGN  AND  SHCULO  BE  COORDINATED  HITH  THE  PRODUCER. 
c BEARING  VALUES  ARE  ORY  PIN  VALUES  PER  SECTION  1.4. 7.1. 
dEST IMATEO. 
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FIGURE  4. 3. 3. 2. 6.  Typical  tensile  stress-strain  curve  f 
at  room  temperature  (1/2  hour  exposur 
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FIGURE  4. 3. 3. 4. 4.  Effect  of  temperature  on  the  tensile  and  compressive 

moduli  (E  and  E  )  of  cast  AZ91C-T6. 
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Strain,  0.001  m/m 

FIGURE  4. 3. 3. A. 6.  Typical 
at  room 

tensile  stress-strain  curves  for  cast  AZ91C-T6 
and  elevated  temperatures  (1/2  hour  exposure). 
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4.3.4.  AZ92A 

4. 3. 4.0  Comments  and  Properties. AZ92A  is  a 
magnesium-base  casting  alloy  containing 
aluminum  and  zinc.  It  is  slightly  stronger  and  less 
ductile  than  AZ91C  but  is  much  like  it  in  other 
characteristics.  It  is  available  as  sand  and  perma¬ 
nent-mold  castings  in  the  as-cast  (F),  as-cast  and 
artificially  aged  (T5),  solution  heat  treated  (T4) 
and  solution  heat  treated  and  artificially  aged 
(T6)  tempers.  AZ92A  has  fair  weldability  and 
pressure  tightness. 

Material  specifications  for  AZ92A  are  pre¬ 
sented  in  Table  4.3.4.0(a). 


Table  4  3.4.0(a)  Material  Specifications  for 
AZ92A  Magnesium  Alloy 


Specification 

Form 

OQ-M-56  . 

Sand  castings 

QQ-M-55  . 

Permanent-mold 

castings 

MIL-M-46062  ..... 

Castings 

The  temper  index  for  AZ92A  is  as  follows: 

Section 

Temper 

4.3.4. 1 

F 

4. 3.4. 2 

T4 

4. 3. 4. 3 

T5 

4. 3.4.4 

T6 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.3.4.0(b).  Effect  - 
of-temperaturc  curves  on  physical  properties  are 
shown  in  Figure  4. 3.4.0. 

4.3.4. 1  AZ92A-F  Temper. — Typical  stress- 
strain  and  tangent-modulus  curves  in  tension  and 
compression  at  room  temperature  are  presented 
in  Figure  4.3.4. 1.6. 

A  fatigue  curve  for  unnotched  specimens  with 
this  temper  is  shown  on  Figure  4.3.4. 1.8. 

4. 3. 4. 2  AZ92A-T4  Temper. — Typical  stress- 
strain  and  tangent-modulus  curves  in  tension  and 
compression  at  room  temperature  are  presented 
in  Figure  4. 3.4. 2.6. 

A  fatigue  curve  for  unnotchcd  specimens  with 
this  temper  is  shown  on  Figure  4. 3.4. 1.8. 

4. 3.4. 3  AZ92A-T5  Temper 

4.5.4.4  AZ92A-T6  Temper. — Effect  of  tem¬ 
perature  on  various  mechanical  properties  is 
presented  in  Figure  4. 3. 4.4. 1  (a)  through  4.3.4.4.4 
for  this  temper. 

Typical  stress-strain  and  tangent-modulus 
curves  at  room  temperature  and  several  elevated 
temperatures  are  shown  in  Figures  4.3.4.4.6(a) 
and  (b). 

A  fatigue  curve  for  unnotched  specimens  with 
this  temper  is  shown  on  Figure  4. 3.4. 1.8 
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TABLE  4.3.4.CC3).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
A292A  HAGN'E SI  UM  AlLOY  COASTINGS)3 


HECHANICAL  PROPERTIES! 

FT'J,  MPA . 

FT  Y  ,  MPA . 

FCY,  MPA..... . . 

FSU,  MPA . . 

FBRUC,  MPA  I 

CE/C  =  1.S) . 

(E/0  =  2.0) . 

F0.RYc,  HPAI 

( E/0=1. 5 ) . 

(E/0=2. 0) . 

El,  PERCENT . 

E,  G  PA ....  . . 

EC.  GPA . 

G,  GPA . 

HU . 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . 

C,  J/ (G-KJ .......... . 

K,  H/CH*<>. . 

ALPHA,  10-6  M/ <M*<) . . 


1.82 
1.05  d 

SEE  FIGURE  4.3.4  .0 
SEE  FIGURE  4.3.4  .0 


aREF ERENCE  SHOULD  BE  HhOE  TO  THE  SPECIFIC  REQUIREMENTS  OF  THE  PROCURINS  OR 
CERTIFICATING  AGENCY  WITH  REGARD  TO  THE  USE  OF  THE  ABOVE  VALUES  IN  THE 
DESIGN  OF  CASTINGS. 

bCLASS  OF  PROPERTIES  ATTAINABLE  DEPENDS  ON  LOCATION  SPECIFIED  AND  CASTING 
DESIGN  and  SHOULD  BE  -OORCINATED  HITH  THE  PRODUCER. 

CBEARING  VAuUES  ARE  ORY  PIN  VALUES  PER  SECTION  1.4. 7.1. 
aEST  j.  MATED . 
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FIGURE  4. 3. 4. I. 8.  Typical  fatigue  curves  for  AZ92A-F,  AZ92A-T4 

and  AZ92A-T6  sand  castings  at  room  temperature 
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Stress,  MPa 
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Compressive  Tangent  Modulus,  GPa 


FIGURE  4. 3. 4. 2. 6.  Typical  tensile  and  compressive  stress-strain  and  compressive 
tangent-modulus  curves  for  cast  AZ92A-T4  at  room  temperature. 
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FIGURE  4.3.4.4.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F_  )  of  cast  AZ92A-T6. 
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FIGURE  4.3.4.4.1(d).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  tensile  yield  strength  (F  t)  of 
cast  AZ92A-T6.  ’  C>’ 


4-75 


4.3.5  K7.33A 

4. 3. 5.0  Comments  and  Properties. — EZ33A  is  a 
magnesium -base  casting  alloy  containing  rare 
earths,  zinc  and  zirconium.  It  is  available  as  sand 
and  permanent  mold  castings  generally  in  the  ar¬ 
tificially  aged  (T5)  temper.  EZ33A  has  lower 
strength  than  the  Mg-Al-Zn  alloys  at  room  tem¬ 
perature  but  is  less  affected  by  increasing  tem¬ 
perature.  It  is  generally  used  for  applications  at 
temperatures  of  422  to  533  K. 

EZ33A  castings  arc  very  sound  and  are  some¬ 
times  used  for  pressure  tightness.  It  has  good 
stability  in  the  T5  temper  and  excellent 
weldability,  it  is  sometimes  used  for  applications 
requiring  good  damping  ability. 

Material  specifications  for  EZ33A  are  pre¬ 
sented  in  Table  4.3.5.0(a). 

Table  4.3.5.0(a).  Material  Specifications  for 
EZ33A  Magnesium  Alloy 


The  temper  index  for  EZ33A  is  as  follows: 
Section  Temper 


4.3.5. 1  T5 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.3.5.0(b). 

4.3.5. 1  EZ33A-T5  Temper. — Effect  of  tem¬ 
perature  on  tensile  properties  is  presented  in 
Figures  4.3.5.1.1(a)  through  (d). 

Typical  tensile  stress-strain  curves  at  various 
temperatures  from  room  temperature  at  700K  are 
given  in  Figure  4. 3. 5. 1.6. 


Specification 

Form 

OQ-M-56  . 

Sand  castings 

QQ-M-55  . 

Permanent -mold 

castings 
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TABLE  4.3.5.0(B).  OE3IGN  MECHANICAL  AnD  PHYSICAL  PROPERTIES  OF 
EZ33A  MAGNESIUM  ALLOY  (CASTINGS ) a 


SPECIFICATION. 

FORM . 

TEMPER. ....... 


QQ-M-55  ANO  QO-M-56 


SANO  CASTI NGS  ANO  PERHAN ENT -M 0  LO  C AST  I NG  S 

T5  " 


LOCATION  WITHIN  CASTING 
BASIS . 


SEPARATE  TEST  BARS 


UNSPECIFIED  LOCATIONS 


MECHANICAL  PROPERTIES  : 

FTU,  MPA . 

.  FT  Y  t  MPA . . 

FCY,  MPA . . 

FSU,  MPA . 

FBRU,  MPA t 

( £/0=l. 5) . 

C  E/0=2. 0 ) . 

FBRY  ,  MPA: 

(E/0=i«  5) ...... . 

(E/D  =  2.0  > . 

EL,  PERCENT . . 

E,  G PA . 

EC,  GPA . 

G,  GPA . 

MU . 


138 

97 

97 


44.  6 
44.  8 
16.5 
0.35 


90 

76 

76 


•  •  • 
*  •  • 


•  •  • 

0.5 


PHYSICAL  properties: 

OMEGA,  . . 

C,  J/  (G*K ) . 

K,  W/(M*K) . 

ALPHA,  10-6  M/(M‘K> 


1  i  82 
1.  05 
100 

27.  0  (293  TO  373  K) 


- - , - . - ,  - - , - , - , - , - . - * 

REFERENCE  SHOULD  BE  MAOE  TO  THE  SPECIFIC  REQUIREMENTS  OF  THE  PROCURING  OR 
CERTIFICATING  AGENCY  WITH  REGARD  TO  THF.  USE  OF  THE  ABOVE  VALUES  IN  THE 
OESIGN  OF  CASTINGS. 
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FIGURE  4.3.5.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F  )  of  cast  EZ33A-T5. 
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FIGURE  4.3.5.1.1(b).  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  cast  EZ33A-T5. 
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FIGURE  4.3.5.1.1(c) 


Effect  of  exposure  at  elevated  temperatures  on  the 
room- temperature  ultimate  tensile  strength  (T  ) 
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of  cast  EZ33A-T5. 


Strength  ot  room  temperature 
Exposure  up  to  1000  hr 


■  RRIIIIMI  BBRRRRBBRB  B BIBB |BBBBS  BBBBB BBBRR  BBBBBBBBBB 

■■MHaiaiaHMiaMiaiiMMiiaaiaiiiiiMi111 

--n-« _  __  _  ^^^■aaa 

mmhp^ESiiBmm^QhhUUiUIIIIIIKbb 

BRBBBBl  BBBBaBBMLBBftaaBBIiaBa  BBBB8BBBBBB8BSB  BBBBB 

— lamaai mwiBani  wgi aaiaa  bbbbbbbbbb  bbbbbbbbbb 

HWBBBlIBBBBBaBB  BBBBB  BBBBBBBBBB  BBBBB  ■BBBBB*BBB  BBBBBBBBBB  BBBBB 

_ UmiBBiWBBB  BBBBBBBBBB  BBfiBBBBBBi  BBBBB  ■BBBBBBBBB  BBBBB  BBBiiBBBBB 

I  ■  a B«i Bbbbb  bbbbbbbbbb  bbbbbbbbbb  bbbbb  bbbbb  bbbbbbbbbb  bsbsbsIbbbbssbb bbbbb  bbbbbbbbbb 

HBBBB  BBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBBBBBSiBBBBBBBBBBBBBSBBBBBB 

■■aaaSRSBS 8 188888* BBS 

::::::::::  rim* 

■BBBBBBBBB 
I BBBBBBBBBB 
l■■B^BBBBBB 


iBaaaaaRBBBri 
I  BBBBI RBRRR  b| 

I  ■BBBaSaaBBBBBaaaBBBBBBBaaBBBBBBaJ 
I ■BBBBBBBBB BBBBBBBBBB  BBBBB BBBBB BBj 
[ ■BBBBBBBBB BBBBBBBBBB  BBBBBBBBBB  BBj 

MMMiiHMMSiiMMMUUHHB*  bbbbb  bbB 

miXi'nlZi 

«*■«■ R»«* 

SB 

fia||| 

BBBBB 


■BBB BBB 


BBB  BBBBB  BBBBB BBl 


■ml 

aaaSfl 


saaaaaa»anHB| 

!B  BB  BBBBB  BB  BBS  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBBBBBBB  BBB«B  I 
IBBB  BBBBBBBBBIBBBBBBB BBB  BBBBB BBBBBBBBBBBBBBBBBBillBBBBBl 

BBBBBBBBBa  BBBBBBBBBB  I 

■aaiR8B«aasaiaai>axxRiBi«BA 

naiiRnmmimimiiii 


SSBSBBRBaa  BBBBB  BBBaaUBBaBBBBBBB 
■BSBBB  «BBBB  BBBBB  BBBBB  BBBBB  BBBBB I 
B  UiBBa  BBBBB  BBBBBBMSBIMntlB  BBBBB  | 


o  60 


KIbbbbb  | 

latiB«iii| 


HiBsaasBBBaiaBss  bibbs  bbbbb  bbbbbbbbbb  bbbbbbbsbs  sbbsi  bbbbb  I 

BBSfiBBiSBBBBSBSBBSSBBBBBSBBSSBBBSBBBBlBBBBSBBBBSBMBSBBBBBl 
S SB BBBBB BBBBSSSBBS  BBBBSBB BBS BBBBSBBBBSBBBBSBBBBSSBBSS BBBBB  I 


■■■■■■■■■IMHBBaaBBBaaaBBsaaBBBaaBBaBBaBBSBBBaaaaBasBBBassBBBaBBBsaaaBasBBBBBl 
I  ■BBBBBBBBB  iBBBBBBBBS  BBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BSBBB  BBBBBBBBBB  BBBBBBBBBa  BBBBBBBBBB  I 
I  «bbbi  bbbbb  fBaaaBBBBf  bs*sbbs»«s  bbbbb  aaa  as  bbbbb  bbbbb  a«aaa  a  BBaamgaa  ■■•■•■«■«■  ■«■•■! 

|ssi3!iSBpjs!s:Os»:ssHsniisss»s:s:|i|n:::::s::s:::::sBs:::ss:!55K:ss:ssl 


Temperature,  K 


FIGURE  4.3.5.1.1(d), 


Effect  of  exposure  at  elevated  temperatures  on 

the  room-temperature  tensile  yield  strength 

(F  )  of  cast  EZ33A-T5. 
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FICtTRE  4. 3. 5. 1.6.  Typical  tensile  stress-strain  curves  for  cast  EZ33A-T5 
at  room  temperature  (1/2  hour  exposure). 


4.3.6  HK31A 


4. 3. 6.0  Comments  (inti  Properties. — HK3 1 A  is  a 
magnesium-base  alloy  containing  thorium  and 
zirconium  available  in  both  cast  and  wrought 
forms.  Wrought  product  properties  are  given  in 
Section  4.2.4.  It  has  relatively  high  strength  in 
short-time  static  and  creep  tests  in  the  tem¬ 
perature  range  of  422  to  644  K  and  is  used  pri¬ 
marily  for  components  requiring  a  good  strength- 
weight  ratio  in  this  temperature  range.  HK31A  is 
available  as  sand  and  permanent  mold  castings  in 
the  solution  heat-treated  and  artificially  aged 
(T6)  temper. 

HK31 A  has  excellent  weldability  and  pressure 
tightness.  The  weld  strength  at  478  to  589  K  is  not 
significantly  different  from  the  properties  of  the 
base  material. 

Material  specifications  for  HK31A  are 
presented  in  Table  4.3.6.0(a). 


Table  4.3.6.0(a).  Material  Specifications  for 
HK3IA  Magnesium  Alloy 


Specification 

Form 

OO-M-56 . 

Sand  Castings 

QQ-M-55 . 

Permanent-mold  castings 

MIUM.460A2  . 

Castings 

The  temper  index  for  HK31A  is  as  follows: 
Section  Temper 

4.3.6. 1  T6 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.3.6.0(b).  Effect  - 
of-temperature  curves  for  physical  properties  are 
shown  in  Figure  4. 3. 6.0. 

4.3.6. 1  HK3IA-T6  Temper. — Effect  of  tem¬ 
perature  on  tensile  properties  and  on  modulus  of 
elasticity  are  presented  in  Figures  4.3.6.1.1(a) 
through  4.3.6. 1.4. 

Typical  tensile  stress-strain  curves  at  various 
temperatures  from  room  temperature  to  700  Rare 
shown  in  Figure  4.3.6. 1.6. 


120 
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90 


Temperature,  K 

FIGURE  4. 3. 6.0.  Effect  of  temperature  on  the  physical 
properties  of  HK31A- 
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FIGURE  4.3.6.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  cast  HK31A-T6. 
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FIGURE  4.3.6.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (FCy)  of  cast  UK31A-T6. 
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FIGURE  4.3.6.1.1(c).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  ultimate  tensile  strength  (F  ) 
of  cast  HK31A-T6.  tu 
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FIGURE  4.3.6.1.1(d).  Effect  of  exposure  at  elevated  temperatures  on  the 

room-temperature  tensile  yield  strength  (F  ) 
of  cast  HK31A-T6. 
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4.3.7  HZ32A 


The  temper  index  for  HZ32A  is  as  follows: 


4. 3. 7.0  Comments  and  Properties. — HZ32A  is  a 
magnesium-base  casting  alloy  containing  zinc, 
thorium  and  zirconium,  it  is  available  in  the  form 
of  sand  castings.  Its  general  characteristics  are 
similar  to  those  of  HK.31A.  HK31A  has  better 
short-time  tensile  strength  up  to  644  K.  Above 
533  K  HZ32A-T5  has  better  creep  strength  than 
HK.31A-T6.  HZ32A-T5  has  somewhat  better 
strength  stability  than  HK31A-T6.  HZ32A-T5 
has  somewhat  better  strength  stability  than 
1IK31A-T6.  HZ32A  is  available  only  in  the  ar- 
tifically  aged  (T5)  temper.  HZ32A  has  fair 
weldability  and  good  pressure  tightness. 

A  material  specification  for  HZ32A  is  given  in 
Table  4.3.7.0(a). 


Table  4.3.7.0(a).  Material  Specifications  for 
HZ32A  Magnesium  Allov 


Specification 

Form 

QQ-M-56 . 

Sand  castings 

Section  Temper 

4.3.7. 1  T5 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.3.7.0(b). 

4.3.7. 1  HZ32A-T5.— Effect  of  temperature  on 
tensile  properties  and  modulus  of  elasticity  are 
presented  in  Figures  4.3.7.1.1(a)  through 
4.3.7. 1.4. 

Typical  tensile  stress-strain  curves  at  various 
temperatures  from  room  temperature  to  700  Kare 
shown  in  Figure  4.3.7. 1.6. 


t 

I 

£ 


TABLE  4.3.7.0(B).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
HZ32A  MAGNESIUM  ALLOY  (SAND  CASTINGS)3 


SPECIFICATION, 

FORM... . . 

TEMPER . 


LOCATION  WITHIN  CASTING 
BASIS . 


QO-M-56 


SANO  CASTINGS 
T5 


SEPARATE 
TEST  BARS 


UNSPECIFIED 
_  LOCATIONS 


mechanical  properties) 

ftu,  MPA . 

FTY,  MPA . 

FCY,  MPA . . . 

FSU,  MPA . 

FBRU  t  MPA  I 

(E/D=l. 5) . 

<E/D=2. 0 J . 

F9RY,  MPA  t 

<E/0=1.5) . 

(E/O=2.0) . 

EL.  PERCFNT . 

E.  G PA . 

EC,  GPA . 

G,  GPA . 

Ml  I.  ....... 


131 

72 

72 


44.  6 
44.fi 
16.5 
0.35 


PHYSICAL  PROPERTIES) 

OMEGA,  HG/M3 . 

C,  J/  (G*!<) . 

K,  H/(H*K) . 

ALPHA,  10-6  M/(M*K).. 


1.  #2 
1.05b 
116 

25.  2  (2^1  TO  373  K)b 


aREF£RENCE  SHOULD  9E  MAOE  TO  THE  SPECIFIC  REQUIREMENTS  OF  THE  PROCURING  OR 
CERTIFICATING  AGENCY  KITH  REGARD  TO  THE  USE  OF  THE  ABOVE  VALUES  IN  THE 
DESIGN  OF  CASTINGS. 
b ESTIMATED. 
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FIGURE  4.3.7.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F  )  of  cast  HZ32A-T5. 
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FIGURE  4.3.7.1.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F  )  of  cast  HZ3JA-T5. 
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room-temperature  ultimate  tensile  strength  (F  ) 
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Effect  of  exposure  at  elevated  temperatures  on  the 
room-temperature  tensile  yield  strength  (F  )  r' 
cast  HZ32A-T5.  J 


FIGURE  4.3.7.1.1(d), 
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4.3.8  QE22A 


The  temper  index  for  QE22A  is  as  follows: 


4. 3. 8.0  Comments  and  ftoperties. — QE22A  is  a 
magnesium -base  alloy  containing  silver,  rare 
earths  in  the  form  of  didymium, and  ?irconium.  It 
is  available  as  sand  and  permanent-mold  castings. 
It  is  usc-J  in  the  solution  heat-treated  and  ar¬ 
tificially  aged  (T6)  condition  where  a  high  yield 
strength  is  needed  at  temperatures  up  to  589  K- 
QE22A  has  good  weldability  and  fair  pressure 
tightness. 

Material  specifications  for  QE22A  are  pre¬ 
sented  in  Table  4.3.8.0(a). 


Table  4  ■’.8.0(a).  Material  Specifications  for 
QE22A  Magnesium  Alloy 


Specification 

Form 

QQ-M-56  . 

Sand  castings 

QQ-M-55  . 

Pcrr.ianent-mold 

castings 

MIL-M-46062 

Castings 

Section  Temper 

4.3.8. 1  T6 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  arc  shown  in  Table  4.3.8.0(b). 

4.3.8. 1  QE22A-T6  Temper. — Effect  of  tem¬ 
perature  on  tensile  properties  and  modulus  of 
elasticity  are  presented  in  Figures  4.3.8.1.1(a) 
through  4. 3.8.1 .4. 

Typical  tensile  stress-strain  curves  at  various 
temperatures  from  room  temperature  to644  K  are 
shown  in  Figure  4.3.8. 1.6. 
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TABLE  4.  3. 8.0  (3)  . 


design  mechanical  and  physical  properties  of 

QS22A  MAGNESIUM  ALLOY  (CASTINGS)3 


SPECIFICATION. 

FORK. . 

TEMPER . 


LOCATION  WITHIN  CASTING. 


SEPARATE 
TEST  BARS 


3  QQ-M-56  I _ HTl-M-i.606? 

CASTINGS  (ANY  tlETHOD) 

T6 

UNSPECIFIED  SPECIFIED  LOCATIONS  ONLY* 

LOCATIONS  CLASS  1. CLASS  2: CLASS  3 


MECHANICAL  PROPERTIES) 

FT'J,  MPA. . 

FT  Y  *  MPA . . 

FCY  t  MPA . . 

FSU,  MPA . . 

FBRU i  MPA  t 

( E/0=1.  5) . . 

(E/D=2.0> . . 

F8RY  ,  MPA  I 

(E/D=l. 5). ....... 


u  j 

EL,  PERCENT. 
E,  GPA...... 

EC,  GPA ..... 

G,  GPA . 

MU . 


44.8 
44.  8 
16.5 
0.35 


PHYSICAL  PROPERTIES)  ! 

OHEGA,  HG/M3 .  ! 

C,  J/  (G*K) .  j 

K,  H  /  (M*K) . i 

ALPHA,  10-6  M/(M*K) . .  ! 


1.31 

1  •  05  c 
102 

25.2  (293  TO  473  K) 


REFERENCE  SHOULD  BE  MAOE  TO  THE  SPECIFIC  REQUIREMENTS  OF  THE  PROCURING  OR 
CERTIFICATING  AGENCY  NITH  REGARD  TO  THE  USE  OF  THE  ABOVE  VALUES  IN  THE 
OESIGN  OF  CASTINGS. 

bCLASS  OF  PROPERTIES  ATTAINABLE  DEPENDS  ON  LOCATION  SPECIFIED  AND  CASTING 
DESIGN  AND  SHOULO  BE  COORDINATED  WITH  THE  PRODUCER. 

ESTIMATED. 


Percent  f  at  Room  Temperature  g  Percent  Ftu  at  Room  Temperature 


E  4.3.8.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 
strength  (F  )  of  cast  QE22A-T6. 


FIGURE  4.3.8.1.1(b).  Effect  or  nperature  on  the  tensile  yield 

strength  (F  )  of  cast  QE22A-T6. 
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4.3.9  ZH62A 


4. 3. 9.0  Comments  and  Properties. — ZH62A  is  a 
magnesium-base  casting  alloy  containing  zinc, 
thorium,  and  zirconium.  It  is  available  as  sand 
castings  and  is  generally  not  used  for  permanent- 
mold  castings.  ZH62A  has  a  high  room-tem¬ 
perature  yield  strength  and  excellent  ductility.  It 
is  used  for  applications  where  the  Mg-Al-Zn 
alloys  are  suitable  but  better  strength  is  needed. 
ZH62A  castings  are  available  in  the  artificially 
aged  (T5)  temper. 

ZH62A  has  less  tendency  to  microshrinkage 
and  hot  cracking  than  ZK51A  so  is  used  as  an 
alternate  when  the  part  cannot  be  cast  satisfac¬ 
torily  in  ZK51A.  The  welding  characteristic's  of 
ZH62A  are  better  than  ZK51  A.  ZH62A  castings 
have  fair  pressure  tightness. 

Material  specifications  for  ZH62A  are  pre¬ 
sented  in  Table  4.3.9.0(a). 


TABLE  4.3.9.0(a).  Material  Specifications  for 
ZH62A  Magnesium  Alloy 


Specification 

Form 

QQ-M-56  . 

Sand  casting 

M1L-M-46062  . 

Castings 

The  temper  index  for  ZH62A  is  as  follows: 

Section  Temper 

4.3. 9.1  T5 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  4.3.9.0(b). 


TABLE  4.3. 9. 0(8).  QESI5N  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
ZH62A  MAGNESIUM  ALLOY  (CASTINGS)3 


SPECIFICATION . 

QG-M-56 

HIL-M-46062 

FORM . 

~~  sand  castings 

iiaiflaam 

METHOD)  | 

TEMPER . 

TG- 

LOCATION  WITHIN  CASTING  .... 

SEPARATE 

UNSPECIFIED 

SPECIFIED  LOCATIONS  ONLYb 

TEST  BARS 

LOCATIONS 

CLASS  1 

CLASS  2 

CLASS  3  I 

BASIS . 

S 

S 

S 

S 

'  i 

S 

MECHANICAL  PROPERTIES! 

FTJ,  MPA . 

241 

197 

2  62 

234 

217 

FT  Y  ,  MPA . 

152 

121 

159 

145 

131 

FCY,  MPA . . . 

152 

121 

159 

145 

131 

rSJ,  MPA . 

•  •  • 

•  •  • 

•  •• 

•  •  • 

-  •  • 

FBRU  »  MPA! 

( E/0=1. 5) . 

•  •  » 

•  •  * 

•  %  • 

•  ♦  • 

•  •  t 

(E/0=2.0> . 

•  •  « 

•  •  • 

•  •  • 

•  •  • 

«  #  •  9 

FBRY,  MPAI 

I 

(E/0=1.5> . 

•  t  • 

•  •« 

•  •  • 

•  •  • 

CSS  * 

( E/0=2. 0) . 

•  •  • 

•  •  • 

•  #  • 

•  •  •  1 

EL,  PERCENT . 

5 

1.25 

5 

3 

2  1 

E,  G PA . 

44.8 

f 

EC,  GPA . 

44.8 

G,  GPA . 

16.5 

s 

MU . 

0.35 

PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . 

1.  85 

C,  J/(G*K) . 

1.  05c 

5 

K,  . . 

109 

,  ? 

ALPHA,  10-6  H/ (M*K). . 

25.  2 

*  ---  --  -4 

(291  TO  373  K) c 

1 

f 

a REF ERENCE  SHOULO  8E  MADE  TO  THE  SPECIFIC  REQUIREMENTS  OF  THE  PROCURING  OR 
CERTIFICATING  AGENCY  WITH  REGARD  TO  THE  USE  OF  THE  ABOVE  VALUES  IN  THE 
DESIGN  OF  CASTINGS. 

b CLASS  OF  PROPERTIES  ATTAINABLE  OEPENDS  ON  LOCATION  SPECIFIED  ANO  CASTING 
DESIGN  ANO  SHOULO  BE  COORDINATED  WITH  THE  PROOUCER. 
c  ESTIMATED, 
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TABLE  4.3.10.0(B).  DESIGN  MECHANICAL  ANL  PHYSICAL  PROPERTIES  OF 

ZK51A  MAGNESIUM  ALLOY  (CASTINGS)3 


SPECIFICATION . 

QQ-M. 

-56 

MIL-M-4 6062 _ 

FORM.  , . 

SAND  CASTINGS 

CASTINGS  (ANY 

HETHOO) 

TE  MPER . . 

T5 

LOCATION  WITHIN  CASTING  .... 

SEPARATE 

UNSPECIFIED  1 

SPECIFIED  LOCATIONS  ONLYb 

TEST  BARS 

LOCATIONS  i 

CLASS  1 

CLASS  2 

CLASS  3 

BASIS . 

S 

S 

S 

S 

S 

MECHANICAL  PROPERTIES)  i 

i 

FTU,  MPA . 

234 

165 

248 

221 

200 

FTY,  MPA . 

138 

97 

145 

131 

117 

FCY,  MPA .  ! 

1  133 

97 

145  ; 

131 

117 

FSU,  MPA .  | 

•  •  ♦ 

... 

...  j 

!  ... 

1  **• 

FBRU,  MPA l 

1 

(E/D=l.  5) .  1 

•  •  • 

•  •  • 

1 

•  •  • 

•  •  • 

!  ... 

( E/0=2. 0 . . 

•  •  • 

•  •  • 

•  •  • 

!  ... 

i  •  •  • 

FBRY,  MPA t 

I 

l 

( E/D=i • 5) . 

... 

•  •  • 

•  •  • 

•  *  • 

!  •  •  • 

(E/0=2.Q) . 

t 

♦  •  • 

•  •• 

•  •  • 

•  •  • 

•  •  • 

EL,  PERCENT . 

j  5  . 

1.25 

6 

4 

1  3 

E,  G PA . 

1 

1 

44.  8 

EC,  GPA...., . 

i 

44.8 

G,  GPA . 

1 

16.5 

MU . 

i 

0.35 

PHYSICAL  PROPERTIES: 

j 

OMEGA,  MS/M3 . 

j 

1.81 

C,  J/  (G*K> . . 

1 

0.96 

K,  W /  (M*K)  . . 

• 

SEE  FIGURE  i 

1.3.10.0 

ALPHA,  10-6  M/ (M*K) . . 

i 

27.  0 

(293  TO  473  K) 

REFERENCE  SHOULD  BE  MADE  TO  THE  SPECIFIC  REQUIREMENTS  OF  THE  PROCURING  OR 
CERTIFICATING  AGENCY  WITH  REGARD  TO  THE  USE  OF  THE  ABOVE  VALUES  IN  THE 
DESIGN  OF  CASTINGS. 

bCLA SS  OF  PROPERTIES  ATTAINABLE  OEPfNDS  ON  LOCATION  SPECIFIED  AND  CASTING 
DESIGN  AND  SHOULD  BE  COORDINATED  WITH  THE  PRODUCER. 


4.4  Element  Properties 


4.4.2  COLUMNS 


4.4.1  BEAMS. — Sec  Equation  1.3. 2. 1,  Section 
1.5. 2. 5,  and  References  1.7.1(a)  and  (b)  for 
general  information  on  stress  analysis  of  beams. 

4. 4. 1.1  Simple  Beams. — Beams  of  solid,  tubu¬ 
lar,  or  similar  cross  sections  can  be  assumed  to 
fail  through  exceeding  an  allowable  modulus  of 
rupture  in  bending  (F(,).  In  the  absence  of  specific 
data,  the  ratio  Fb/F,„  can  be  assumed  to  be  1.25 
for  solid  sections. 

4.4. 1.1.1  Round  Tubes. — For  round  tubes,  the 
value  of  Ft  will  depend  on  the  DA  ratio  as  well  as 
the  compressive  yield  stress. 

4.4. 1.1. 2  Unconventional  Cross  Sections. — Sec¬ 
tions  other  than  solid  or  tubular  should  be  tested 
to  determine  the  allowable  bending  stress. 

4.4. 1.2  Builtup  Beams. — Builtup  beams  will 
usually  fail  because  of  local  failure  of  the  compo¬ 
nent  parts. 

4. 4. 1.3  Thin-H'eb  Beams. —  The  allowable 
stresses  for  thin-web  beams  will  depend  on  the 
nature  of  the  failure  and  are  determined  from  the 
allowable  stresses  of  the  web  in  tension  and  of  the 
flanges  or  stiffeners  in  compression. 


4.4.2. 1  Primary  Failure. — The  general  formula 
for  primary  instability  is  given  in  Section  1.3.8. 
Formulas  applicable  to  magnesium-alloy  col¬ 
umns  arc  given  in  Tables  4.4.2.1(a)  and  (b). 

TABLE  4.4.2.1(a).  Column  Formulas  for  Mag¬ 
nesium-Alloy  Extruded  Open 
Shapes 3 

General  Formula 


P  _  K(Fcv)n 
A  (L’/or 

(Stress  values  are  m  lesi) 


Alloy 

K 

n 

M  M.IVP/A 

AZ3 1  B.AZ6 1  A.AZSOA 

2,900 

1/4 

1.5  Fy 

A280A-T6.  ZKG0A-T5 

3.300 

1/4 

1.5  0.9fiF.y 

aFormulas  given  above  arc  for  members  that  do  not  tail  by 
local  buckling.  Sec  Figure  4.4.2.3(a). 


TABLE  4.4.2.1(b).  Column  Formula  for  AZ3I8- 
H24  Magnesium  Alloy  Sheet 


I  -1.05  r-  - 
A  y  4-JE 


See  Figure  4.4.2.3(b). 


Figure  1.3(a) .  Allowable  reiucr  stresses  fe- 
cagnjs iur-allo'  columns. 
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(Pag«2  4-102  Blank) 


4. 4. 2. 2  Local  Failure 

4.4. 2. 3  Column  Properties. — Curves  of  the 
allowable  column  stresses  for  various  mag¬ 
nesium-alloy  columns  arc  given  in  Figures 
4.4.2.3(a)  and  (b).  The  allowable  stress  is  plotted 
against  the  effective  slenderness  ratio  defined  by 
Equation  3.20.2.3. 


4.4.3  TORSION 

4.4. 3. 2  General. — The  general  statements  relat¬ 
ing  to  aluminum-alloy  tubing,  Section  3.20.3,  are 
applicable  to  magnesium  tubing. 

4.4. 3. 2  Torsion  Properties. — An  empirical  curve 
of  the  allowable  torsional  modulus  of  rupture  for 
magnesium-alloy  round  tubing  (specification 
WW-T-825)  is  given  in  Figure  4. 4. 3. 2. 


.  I  CURE;  ......  3(b).  Alloirablt  <oluan  stresses  for  AZ31B-H2A 

cagnesiur—a] lev  sheet. 


Imuuuii 


mnmminii 


ImuiMii 


—  UIH— WW 

tiSiltOti::!::::::::::! 


Specification  WW-T-825 


~  ■■■■■■■■■■ 
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f  IGl'RE  4.4.3. 2.  Torsional  aodulus  o?  rupture  for  Rjgnesius- 
allov  round  tubing. 
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Chapter  5 
TITANIUM 


5.1  General 


This  chapter  contains  the  engineering  proper¬ 
ties  and  related  characteristics  of  wrought 
titanium  and  titanium  alloys  used  in  aircraft  and 
missile  structural  applications. 

General  comments  on  engineering  properties 
and  the  considerations  relating  to  alloy  selection 
are  presented  in  Section  5.1.  Mechanical-  and 
physical-property  data  and  characteristics  perti¬ 
nent  to  specific  alloy  groups  or  individual  alloys 
are  reported  in  Sections  5.2  through  5.5. 

Titanium  is  a  relatively  lightweight,  corrosion- 
resistant  structural  material  that  can  be 


.  . 


cd  greatly  tmuugii  alluding  and,  in 
some  of  its  alloys,  by  heat  treatment.  Among  its 
advantages  for  specific  applications  are.  good 
strengih-to-weight  ratio,  low  density,  low  coeffi¬ 
cient  of  thermal  expansion,  good  corrosion  re¬ 
sistance,  good  oxidation  resistance  at  intermedi- 
a»e  temperatures,  good  notch  toughness,  low-  heat- 
treating  temperature  during  hardening,  and 
others. 


5.1.1  TITANIUM  INDEX.— The  coverage  of 
titanium  and  its  alloys  in  this  chapter  has  been 
divided  into  four  sections  for  systematic  presenta¬ 
tion.  The  system  takes  into  account  unalloyed 
titanium  and  three  groups  of  alloys  based  on 
m'tallurgical  differences  which  in  turn  result  in 
differences  in  fabrication  and  property  charac¬ 
teristics  The  sections  and  the  individual  alloys 
covered  under  each  arc  as  follows: 


5.2  Unalloyed  Titanium 


5.2.1  Commercially  Pure  Titanium 


5.3  Alpha  and  Near-Alpha  Titanium  Alloys 

5.3.1  Ti-5Al-2.5Sn  (Alpha) 

5.3.2  Ti-8Al-lMo-IV  (Near-Alpha) 

5.3.3  Ti-6Al-2Sn-4Zr-2Mo  (Near-Alpha) 

5.3  4  Ti-1  lSn-5Zr-2AMMo  (Near-Alpha) 


5.4  Alpha-Beta  Titanium  Ailovs 

5.4.1  Ti-8Mn 

5.4.2  Ti-6AI-2Sn-4Zr-6Mo 

5.4.3  Ti-6A1-4V 

5.4.4  Ti-6Al-6V-2Sn 

5.4.5  Ti-7Al-4Mo 

5.5  Beta  Titanium  Alloys 

5.5.1  Ti-13V-l  lCr-3Al 

5.1.2  MATERIAL  PROPERTIES.— The 
material  properties  of  titanium  and  its  alloys  are 
determined  mainly  by  their  alloy  content  and  heat 
treatment,  both  of  which  are  influential  in  deter¬ 
mining  the  aiiotropic  forms  in  which  tms  material 
will  be  found.  Under  equilibrium  conditions, 
pure  titanium  has  an  "alpha”  structure  up  to  1155 
K,  above  which  it  transforms  to  a  “beta”  structure. 
The  inherent  properties  of  these  two  structures 
are  quite  different.  Through  alloying  and  heat 
treatment,  one  or  the  other  or  a  combination  of 
these  two  structures  can  be  made  to  exist  at  ser¬ 
vice  temperatures,  and  the  properties  of  the 
material  vary  accordingly.  References  5.1.2(a) 
and  (b)  provide  general  discussion  of  titanium 
microstructures  and  associated  metallography. 

Titanium  and  titanium  alloys  of  the  alpha  and 
alpha-beta  type  exhibit  crystallography  textures 
in  sheet  form  in  which  certain  crystallographic 
planes  or  directions  are  closely  aligned  with  the 
directions  of  prior  working.  The  presence  of  tex¬ 
tures  in  these  materials  leads  to  anisotropy  with 
respect  to  many  of  the  mechanical  and  physical 
properties.  Poisson's  ratio  and  Young’s  modulus 
are  among  those  properties  strongly  affected  by 
texture.  Wide  variations  experienced  in  these 
properties  both  within  and  between  sheets  of 
titanium  alloys  have  been  qualitatively  related  to 
variations  of  texture.  In  general,  the  degree  of 
texturing,  and  hence  the  variation  of  Young’s 
modulus  and  Poisson’s  ratio,  that  is  developed  for 
alpha-beta  iUoys  tends  to  be  less  than  that 
developed  in  all  alpha  titanium  alloys.  Rolling 
temperature- has  a  pronounced  effect  on  the  tex¬ 
turing  of  titanium  alloys  which  may  not  in  general 
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be  affected  by  subsequent  thermal  treatments. 
The  degree  of  applicability  of  the  effects  of  tex¬ 
tural  variations  discussed  above  on  the  mechani¬ 
cal  properties  of  products  other  than  sheet  is 
unknown  at  present.  The  values  of  Young's 
modulus  and  Poisson's  ratio  listed  in  this  docu¬ 
ment  represent  specification  materials  or  the 
usual  values  obtained  on  products  resulting  from 
standard  mill  practices.  References  5.1.2(c)  and 
(d)  provide  further  information  on  texturing  in 
titanium  alloys. 

5. 1.2.1  Mechanical  Properties 

5. 1.2. 1.1  Fracture  Toughness. — The  fracture 
toughness  of  titanium  alloys  is  greatly  in¬ 
fluenced  by  such  factors  as  chemistry  v'  -ia- 
tions,  heat  treatment,  microstructure,  and  piod- 
uct  thickness,  as  well  as  yield  strength.  For 
fracture  critical  applications,  these  factors 
should  be  closely  controlled.  Typical  values  of 
plane-strain  fracture  toughness  for  several 
titanium  alloys  are  presented  in  Table 

5. 1.2. 1.1  for  information  only.  These  are 
average  values  for  which  valid  data  are  availa¬ 
ble  and  arc  represemative  of  the  various  alloys 
and  products,  but  they  do  not  hav  *  the  statisti¬ 
cal  reliability  of  the  room-temperature 
mechanical  properties. 


5.1.3  MANUFACTURING  CONSIDERA¬ 
TIONS. —  Comments  relating  to  formability, 
weldability,  and  final  heat  treatment  are 
presented  under  individual  alloys.  These  com¬ 
ments  are  necessarily  brief  and  are  intended 
only  to  aid  the  designer  <n  the  selection  of  an 
alloy  for  a  specific  application.  In  practice, 
departures  from  recommended  practices  are 
very  common  and  are  based  largely  on  in-plant 
experience  with  the  material.  Springback  is 
nearly  always  a  factor  in  hot  or  cold  forming. 

Final  heat  treatments  that  are  indicated  as 
“specified”  heat  treatments  do  not  necessarily 
coincide  with  the  producers’  recommended 
heat  treatments.  Rather,  these  treatments, 
along  with  the  specified  room-temperature 
minimum  tensile  properties,  are  contained  in 
the  heat-trcating-capability  requirements  of 
applicable  specifications,  for  example,  MIL- 
H-81200.  Departures  from  the  specified  aging 


cycles  are  often  necessary  to  account  for  aging 
that  may  take  place  during  hot  working  or  hot 
sizing  or  to  obtain  more  desirable  mechanical 
properties,  for  example,  improved  fracture 
toughness.  More  detailed  recommendations 
for  specific  applications  are  generally  availa¬ 
ble  from  the  material  producers. 

5.1.4  ENVIRONMENTAL  CONSIDERA¬ 
TIONS. —  Comments  relating  to  temperature 
limitations  in  the  application  of  titanium  and 
titanium  alloys  are  presented  under  the  in¬ 
dividual  alloys. 

Below  about  422  K,  as  well  as  above  about 
644  K,  creep  deformation  of  titanium  alloys 
can  be  expected  at  stresses  below  the  yield 
strength.  Available  data  indicate  that  room- 
temperature  creep  of  unalloyed  titanium  may 
be  significant  (exceed  0.2  percent  creep-strain 
in  1,000  hours)  at  stresses  that  exceed  approx¬ 
imately  50  percent  F,v;  room -temperature  creep 
of  Ti-5AI-2.5Sn  ELI  may  be  significant  at 
stresses  above  approximately  60  percent  Fv: 
and  room-temperature  creep  of  the  standard 
grades  of  titanium  alloys  may  be  significant  at 
stresses  above  approximately  75  percent  F,v. 
References  5.1.4(b)  and  (c)  provide  some  limited 
data  regarding  room-temperature  creep  of 
titanium  alloys. 

The  use  of  titanium  and  its  alloys  in  contact 
with  either  liquid  oxygen  or  gaseous  oxygen  at 
cryogenic  temperatures  should  be  avoided,  since 
either  the  presentation  of  a  fresh  surface  (such  as 
produced  by  tensile  rupture)  or  impact  may  initi¬ 
ate  a  violent  reaction  (Reference  5.1.4(d)).  1m-  j 
pact  of  the  surface  in  contact  with  liquid  oxygen 
will  result  in  a  reaction  at  energy  levels  as  low  as 
14  joules-  In  gaseous  oxygen,  a  partial  pressure  of 
about  345  kXa  is  sufficient  to  ignite  a  fresh  titanium 
surface  over  the  temperature  range  from  116  K  to 
room  temperature  or  higher. 

Titanium  is  susceptible  to  stress-corrosion 
cracking  in  certain  anhydrous  chemicals  includ¬ 
ing  methyl  alcohol  and  nitrogen  textroxide. 
Traces  of  water  tend  to  inhibit  the  reaction  in 
either  environment.  However  in  N;04,  NO  is  , 
preferred  and  inhibited  N-Oj  contains  0.4-0. 8 
percent  NO.  Red  fuming  nitric  acid  with  less  j 
than  1.5  percent  water  and  10  to  20  percent 
N02  can  crack  the  metal  and  result  in  a 
pyrophoi  ic  reaction.  i 
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Titanium  alloys  are  also  susceptible  to  stress 
corrosion  by  dry  sodium  chloride  at  elevated 
temperatures.  This  problem  has  been  observed 
largely  in  laboratory  tests  at  505-533K  and  high¬ 
er  and  occasionally  in  fabrication  shops. 
However,  there  have  been  no  reported  failures  of 
titanium  components  in  service  by  hot  salt  stress 
corrosion.  Cleaning  with  a  non-chlorinated  sol¬ 
vent  (to  remove  salt  deposits,  including 
fingerprints)  of  parts  used  above  505  K  is 
recommended. 


In  laboratory  tests,  with  a  fatigue  crack  present 
in  the  specimen,  certain  titanium  alloys  show  an 
increased  rate  of  crack  propagation  in  the  pres¬ 
ence  of  water  or  salt  water  as  compared  with  the 


rate  in  air.  These  alloys  also  may  show  reduced 
sustained  load-carrying  ability  in  aqueous  en¬ 
vironments  in  the  presence  of  fatigue  cracks. 
Crack  growth  rates  in  salt  water  are  a  func'ion  of 
sheet  or  section  thickness.  These  alloys  arc  not 
susceptible  in  the  form  of  thin-gauge  sheet,  but 
become  susceptible  as  thickness  increases  The 
thickness  at  which  susceptibility  occurs  varies 
over  a  visual  range  with  the  alloy  and  processing. 
Alloys  of  titanium  found  susceptible  to  this  effect 
include  some  from  alpha,  alpha-beta,  and  beta 
type  microstructures.  In  some  cases,  special  pro¬ 
cessing  techniques  and  heat  treatments  have  been 
developed  that  minimize  this  effect  References 
5.1.4(e)  through  (g)  present  detailed  summaries 
of  corrosion  and  stress  corrosion  of  titanium 
alloys. 
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5.2  Unalloyed  Titanium 

Several  grades  of  unalloyed  titanium  are 
oll'cred  and  are  classified  on  the  basis  of  manufac¬ 
turing  method,  degree  of  purity,  or  strength,  there 
being  a  close  relationship  among  these.  The 
unalloyed  titanium  grades  most  commonly  used 
arc  produced  by  the  Kroll  process,  are  intermedi¬ 
ate  in  purity,  and  are  commonly  referred  to  as 
being  of  commercial  purity. 

5.2.1  COMMERCIALLY  PURE 
TITANIUM 

5.2. 1.0  Comments. — Unalloyed  titanium  is 
available  in  all  familiar  product  forms  and  is 
noted  for  its  excellent  formability.  Unalloyed 
titanium  is  readily  welded  or  brazed.  It  has  been 
used  primarily  where  strength  is  not  the  main  re¬ 
quirement. 

Manufacturing  Considerations. — Unalloyed 
titanium  is  supplied  in  the  annealed  condition 
permitting  extensive  forming  at  room  tem¬ 
perature  Severe  forming  operations  also  can  be 
accomplished  at  elevated  temperatures  (422  to 
755  K)  Property  degradation  can  be  experienced 
after  severe  forming  if  as-received  material  prop¬ 
erties  are  not  restored  by  re-annealing. 

Commercially  pure  titanium  can  be  welded 
readily  by  the  several  methods  employed  ior 
titanium  joining.  Atmospheric  shielding  is 
preferable  although  spot  or  seam  welding  may  be 
accomplished  without  shielding.  Brazing  requires 
protection  from  the  atmosphere  which  may  be  ob¬ 
tained  by  fluxing  as  wcil  as  by  inert  gas  or  vacuum 
shielding. 

Environmental  Considerations. — Titanium  has 
an  unusually  high  affinity  for  oxygen,  nitrogen, 
and  hydrogen  at  temperatures  above  839  K.  This 
results  in  embrittlement  of  the  material,  thus 
usage  should  be  limited  to  temperatures  below 


that  indicated.  Additional  chemical  reactivity  be¬ 
tween  titanium  and  selected  environments  such  as 
methyl  alcohol,  chloride  salt  solutions,  hydrogen, 
and  liquid  metal,  can  take  place  at  lower  tem¬ 
peratures,  as  discussed  in  Section  5.1.4  and  its 
references. 

Specifications. — Some  matcnnl  specifications 
for  commercially  pure  titanium  arc  presented  in 
Table  5.2.1.0(a). 


Table  5.2. 1 .0(a).  Material  Specifications  for  Com¬ 
mercially  Pare  Titanium 


Specification 

Form 

MIL-T-9046 _ 

Sheet,  strip,  and  plate 

MIL-T-9047 _ 

Bars 

MIL-T-81556. . . 

Extruded  bars,  rods,  and 
special  shaped  sections 

Heat  Treatment.— Commercially  pure  titanium 
is  full  annealed  by  heating  to  811  to  978  K  for 
10  to  30  minutes.  It  is  stress  relieved  by  heating  to 
755  to  811  K  for  30  minutes.  Commercially  pure 
titanium  cannot  be  hardened  by  heat  treatment. 

Room-Temperature  Properties 

Room-temperature  mechanical  properties  for 
commercially  pure  titanium  arc  shown  in  Tables 
5.2.1.0(b)  (c)  and  (d).  The  effect  of  temperature 
on  physical  properties  is  shown  in  Figure  5.2. 1.0. 

5. 2. 1.1  Annealed  Condition. — Elevated-tem¬ 
perature  data  for  annealed  commercially  pure 
titanium  are  presented  in  Figures  5.2.1.1.1(a) 
through  5.2.1.1.3(b). 

Typical  full-range  stress-strain  curves  for  the 
276  and  480  MPa  yield  strength  commercially  pure 
titanium  are  shown  in  Figures  5.2.1.1.6(a)  and 
5.2.1.1.6(b). 
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TABLE  5.2.1.0(81.  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
COMMERCIALLY  PURE  TITANIUM 


SPECIFICATION 


MU-T-9046,  TYPE  I 


MIl-T-9047 


CONDITION. . . 

THICKNESS,  MM . 

S . 

MECHANICAL  PROPERTIES! 
FTU,  MPAt 


FSU,  MPA.... 
F3RU ,  MPA! 

( E/D=l. 5) 
<E/0=2. 01 


(  E/D=l . 5) 
t  E/0=2. 0) 
EL,  PERCENT! 

I . 

LT . 

ST . 

E,  G  PA . 

EC,  GPA . 

G,  GPA . 


COMO.  ACOMP.  B 


ST  F  IP 


_ ANNEALED 


i  <  2.54 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/ M3 . 

C,  J/(G*KJ . 

K»  W / (H*K1 . 

ALPHA,-  10-6  M/(M*K1.. 


BARS 


;  ANNEALfO 


I  s 

' 

S 

(•  “  * ”  *■ 

1 

532 

552 

.  1  1  * 

448 

448 

•  •  t 

•  •  • 

463 

483 

379 

379 

|  •  *  0 

•  •  • 

483 

4  83 

•  •  « 

•  •  • 

290 

•  •  •  I 

•*  *  1 

1 

827 

t 

•  •  • 

•  •  • 

i 

•  t  • 

j  696 

•  •  • 

•  •  • 

1  a 
;  i5a 

!  15 

a 

18a 

iea 

•  *  * 

•  •  • 

106.9 
110.3 
44. C 

•  •  • 

SEE 

SEE 

SEE 

4.51 

FIGURE  5.2 
FIGURE  5.2 
FIGURE  5.2 
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TABLE  5.2.1.0(C) 


DESIGN  HECHAnICAL  and  PHYSICAL  properties  of 
COMMERCIALLY  PURE  TITANIUM  (EXTRUSIONS) 


SPECIFICATION 


FORM . 

CONOITI ON. . • . 
THICKNESS,  MM 
BASIS . 


MECHANICAL  PROPERTIES) 
FTU,  MPA) 

. . 

LT . 

FTY ,  MPA) 

L . 

LT . 

FCY  ,  MPA) 

. . 

LT . 

FSU,  MPA.... . 

FBRU,  MPA) 

( E/0=1. 5) . 

( E/0=2. 0 ) . 

F8RY,  MPA) 

(  E  /0=  1.5) . 

<E/D=2.0) . 

EL,  PERCENT) 

. . 

LT . 

E,  G  PA . 

EC,  GPA . 

G,  GPA . 

MU . 


***"•  —  —  ,  — 
KIL-T-81556,  TYPE  I 


|  COMP.  A 

COMP.  B 

COMP.  C 

Cnup.  o 

1  EXTRUOEO  BARS,  RODS,  AN" 

SPECIAL  SHAPED  SECTIONS 

|  ANNEALED 

I  s 

S 

s 

s 

276 

345 

448 

552 

•  A  « 

•  •  • 

•  •  • 

•  •  • 

2u,' 

276 

379 

483 

j  - 

•  •  • 

•  •  • 

•  •  • 

i 

•  •  • 

•  •  • 

•  •  • 

1  •  •  • 

•  •  • 

•  •  • 

•  •  • 

j  •  •  • 

1 

•  •  • 

•  •  • 

•  •  • 

1 

•  •  • 

•  ♦  • 

•  •  • 

•  •  • 

i 

1 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

:  a 

a 

a 

a 

i  •  •  • 

•  •  • 

•  •  r 

•  •  • 

106.9 
110.3 
44.  8 


PHYSICAL  PROPERTIES) 

OMEGA,  M3/M3 . 

C,  J/(G*K> . 

K,  W/  (M*K ) . 

ALPHA,  10-6  M/ (M»K) . . 

flSEE  TABLE  5.2.1.0(D). 


4.51 

SEE  FIGURE  5. 2. 1.0 
SEE  FIGURE  5. 2. 1.0 
SEE  FIGURE  5. 2. 1.0 
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TABLE  5.2.1.0(d).  Percent  Elongation  Values  for  Commercially  Pure  Titanium  Extruded  Bars,  Rods,  r 

Special  Shaped  Sections  j 


Thickness,  mm 

Elongation,  percent 

Comp.  A 

Comp.  B 

Comp.  C 

Comp.  D 

<  25.40 

25 

20 

18 

15 

25.41-50.80 

20 

18 

15 

12 

50.81-76.20 

18 

15 

12 

10 

2  r 


4  *— 


ic 
E 

10  E 

(O 

'o 


FIGURE  5. 2. 1.0.  Effect  of  temperature  on  the  physical 
•.  properties  of  commercially  pure  titanium. 
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FIGURE  5.2.]  .1.3(b) .  Effect  of  temperature  on  the  bearing  yield  strength 


(F  )  of  annealed  commercially  pure  titanium, 
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FIGURE  5.2.1.1.6(a).  Typical  full  range  stress-strain  curve  tor  commer 

titanium  sheet  (276MPa  yield)  at  room  temperature 


Stress,  MPa 


FIGURE  5.2.1.1.6(b).  Typical  full  range  stress-strain  curve  for 

commercially  pure  titanium  sheet  (483  MPa 
yield)  at  room  temperature. 


5-13 


(Page  5-14  Blank* 


5.3  Alpha  and  Near-Alpha  Titanium  Alloys 

The  alpha  titanium  alloys  contain  essentially  a 
single  phase  at  room  temperature,  similar  to  that 
of  unalloyed  titanium.  Alloys  identified  as  near¬ 
alpha  titanium  have  principally  an  all-alpha 
structure  but  contain  small  quantities  of  a  beta 
phase  because  the  composition  contains  some  beta 
stabilizing  elements,  in  both  alloy  types,  alpha 
phase  is  stabilized  by  aluminum,  tin,  and  zir¬ 
conium.  These  elements,  especially  aluminum, 
contribute  greatly  to  strength.  The  beta  stabiliz¬ 
ing  additions  (e.g.,  molybdenum  and  vanadium) 
improve  fabricability  and  metallurgical  stability 
of  highly  alpha-alloyed  materials. 

All  alpha  alloys  have  excellent  weldability, 
toughness  at  low  temperatures,  and  long-term 
elevated-temperature  strength.  They  are  well 
suited  to  cryogenic  applications  and  to  uses  re¬ 
quiring  good  elevated-temperature  creep 
strength.  The  characteristics  of  near-alpha  alloys 
arc  predictably  between  those  of  all  alpha  and 
alpha-beta  alloys  in  regard  to  fabricability, 
weldability,  and  elevated-temperature  strength. 
The  hot  workability  of  both  alpha  and  near-alpha 
alloys  is  inferior  to  that  of  the  alpha-beta  or  beta 
alloys  and  the  cold  workability  is  very  limited  at 
the  high-strength  level  of  these  grades  However, 
considerable  forming  is  possible  if  correct  form¬ 
ing  temperatures  and  procedures  are  used. 

5.3.1  Ti-5Al-2.5Sn 

5. 3. 1.0  Comments. — Ti-5Al-2.5Sn  is  an  all¬ 
alpha  alloy  available  in  many  product  forms  and 
at  two  purity  levels.  The  high  purity  grade  of  this 
composition  is  used  principally  for  cryogenic  ap¬ 
plications  and  may  be  characterized  as  having 
lower  strength  but  higher  ductility  and  toughness 
than  the  standard  grade.  The  normal  purity  grade 
also  may  be  used  at  low  temperatures  but  it  is  pri¬ 
marily  suitable  for  room  to  elevated  temperature 
applications  (up  to  755  K  or  to  866  K  for  short 
times)  where  weldability  is  an  important  con¬ 
sideration. 

Manufacturing  Considerations. — Ti-5AI-2.5Sn 
is.  not  so  readily  formed  into  complex  shapes  as 


other  alloys  with  similar  room-temperature  prop¬ 
erties,  but  far  surpasses  them  in  weldability.  Ex¬ 
cept  for  some  forging  operations,  fabrication  of 
Ti-5Al-2.5Sn  is  conducted  at  temperatures  where 
the  structure  remains  all  alpha.  Severe  forming 
operations  may  be  accomplished  at  temperatures 
up  to  922  K.  Moderately  severe  forming  Cun  be 
done  at  422  tc  589  Kand  simple  forming  may  be 
done  at  room  temperature.  Most  forming  and 
welding  operations  arc  followed  by  an  annealing 
treatment  to  relieve  residual  stresses  imposed  by 
the  prior  operation. 

Ti-5Al-2Sn  can  be  welded  readily  by  the  inert- 
gas  or  vacuum-shielded  arc  methods  or  by 
spot  or  seam  welding  without  atmospheric 
shielding.  Brazing  requires  protection  from  the 
atmosphere,  however,  this  may  be  accomplished 
by  fluxing  as  well  as  by  inert  gas  or  vacuum 
shielding. 

Em  ironmental  Considerations. — Ti-5Al-2.5Sn 
is  metallurgically  stable  at  moderate  elevated 
temperatures.  The  material  is  susceptible  to  hot- 
salt  stress  corrosion  as  well  as  aqueous  chloride 
solunon  stress  corrosion  and  care  should  be  exer¬ 
cised  in  applications  involving  such  environ¬ 
ments.  The  alloy  has  good  oxidation  resistance  up 
to  839  K.  Standard  grade  material  has  been  used 
at  moderately  iow  cryogenic  temperatures, 
however,  the  ELI  grade  has  higher  toughness  and 
has  been  used  in  cryogenic  applications  down  to 
20  K. 

Specifications. — Some  material  specifications 
for  Ti-5AI-2.5Sn  arc  presented  in  Table 
5.3.1.0(a). 


Table  5.3.1.0(a).  Material  Specifications  for 
Ti-5Al-2.5Sn 


Specification 

Form 

MII.-T-9046 _ 

Sheet,  strip,  and  plate 

MIL-T-9047 _ 

Bars 

MIL-T-81556... 

Extruded  b3rs,  rods,  and 

special  shaped  sections 

AMS  4966  . 

Forging* 
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Heat  Treatment. — This  alloy  is  annealed  by 
heating  to  between  1033  Kfor  60  minutes  and 
1144  K  for  10  minutes  and  cooling  in  air. 
Stress  relieving  requires  1  or  2  hours  at  811 
to  922  K.  Ti-5Al-2.5Sn  cannot  be  hardened 
by  heat  treatment. 

Room-Temperature  Properties 

Room-temperature  mechanical  properties  for 
Ti-5Al-2.5Sn  are  shown  in  Tables  5.3.1.0(b)  and 


(c).  The  effect  of  temperature  on  physical  proper¬ 
ties  is  shown  in  Figure  5.3. 1.0. 

5.3. 1.1  Annealed  Condition. — Effect  of  tem¬ 
perature  curves  for  annealed  Ti-5AI-2.5Sn  are 
presented  in  Figures  5.3.1.1.1(a)  through 
5.3.1 .1  .S.  Tensiie  properties  cover  the  range  20 
K  to  811 K;  whereas  other  properties  are  for  the 
range  room  temperature  to  811  K. 
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TABLE  5.3.1.0(B).  OESIGN  MFCHwniCAl  Ano  PHYSICAL  PROPERTIES  OF 
TI-5AL-2.5SN 


SPECIFICATION. 

FORM . 

CONDITION . 

THICKNESS,  MM. 


HIL-T-9046,  TYPE  II,  COMP,  A _ 

LII  t  STRIP  I  I  PLATE _ 

ANNEALEO 

5T?'6=  Tl  3  6-1"  38.  12- 

<4.76 _ 6.35 _ 38.11  101.60 

A  |  §  A  i  B  S  S  " 


MIL-T-9047 
_ SM$_ _ 


ANNEALED _ I _ ANNE 

b  •“ 

<76.20 _  _ 


AMS  A 9 66 
FORGINGS 
ANNE ALES 


MECHANICAL  PROPERTIES  t 
FTU,  MPA  I 

. . 

LT . 

FTY,  MPAl 

. . 

LT . 

FCT,  MPAl 

. . 

LT . 

FSU ,  MPA . . 

FBR'J  ,  MPAl 

(E/0  =  1.5) . . 

( £/D=2.  0) . 

FBRY,  M°Al 

<E/0=1.5) . 

<E/0=2.  0) . 

EL,  PERCENT! 

. . 

LT . 

E,  G  PA . 

EC,  GPA . 

G,  GPA . . 

HU..  . . 


827 

8  62 

827 

862 

827 

327 

862 

827 

862 

827 

779 

814 

779 

814 

779 

779 

814 

779 

814 

779 

!14 

848 

814 

648 

814 

814 

848 

814 

84  8 

814 

517 

533 

517 

538 

517 

1150 

1200 

1150 

12CC 

1150 

1720 

18  00 

172  0 

1800 

1720 

917 

953 

917 

956 

917 

1310 

13  70 

1310 

1370 

1310 

10a 

•  •  • 

10 

•  •  • 

10 

10° 

•  •  • 

10 

•  •  • 

10 

793  869 

•  •  •  »  »  • 

758C  827 

•  •  •  •  •  • 


PHYSICAL  PROPERTIES! 

OMEGA,  H3/M3 . 

C,  J/  (G*K) . 

K,  H/(M*K) . 

ALPHA,  10-6  M/(H‘K) . . 


<>.48 

SEE  FIGURE  5. 3. 1.0 
SEE  FIGURE  5. 3. 1.0 
SEE  FIGURE  5. 3. 1.0 


■THICKNESS  0.635  MM  ANO  480VE. 

MAXIMUM  OF  64.5  SO  CM  CROSS-SECTIONAL  APEA. 

CTHE  A  VALUES  ARE  HIGHER  THAN  5  VALUES  AS  FOLLOKSlFTU  =  807  MPA,  FTY  =  779 
MPA,  EL-117.. 

“GRAIN  DIRECTION  NOT  SPECIFIED. 


TABLE  6.3.1.0(C) 


SPECIFICATION 

FORM . 

CONOITION. ... 
THICKNESS,  MM 

8AS:j . 


MECHANICAL  PRO°E.<TIESl 
FTU,  H° A  t 

L . 

LT . 

FTY ,  MPAt 

. . 

LT . 

FCY ,  MPAt 

L . 

LT . 

PSD,  MPA... . 

F8RU ,  MPAl 

( E/0=1. 5) . 

( E/0=2 . 0) . 

FBRY,  MPAt 

<E/0=1.5) . 

<E/0=2. 0) . 

EL,  PERCENT  I 

L . 

LT.... . 

F,  G PA . 

EC,  G?A . 

G,  G  PA . 

MU . . . 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . 

C,  J/(G*K> ........... 

K»  W/(M*K> . 

ALPHA,  10-6  M/(M*K) .. 
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Temperature,  K 


FIGURE  5. 3. 1.0.  Effect  of  temperature  on  the  physical 
properties  of  Ti-5Al-2.5Sn  alloy. 
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FIGURE  5.3.1.1.1(a).  Effect  of  temperature  on  the 

ultimate  tensile  strength  (F  ) 
of  annealed  Ti-5Al-2.55n 
alloy  (sheet). 


Temperature,  K 


FIGURE  5.3.1.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (FCy)  of  annealed 

Ti-5Al-2.5Sn  alloy  (sheet). 
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Temperoture,  K 

FIGURE  5.3.1.1.2(a).  Effect  of  temperature  on  the  compressive  yield  strength 

(F  )  of  annealed  Ti-5Al-2.5Sn  alloy  (sheet). 


FIGURE  5.3..1.1.2(b).  Effect  of  temperature  on  the  ultimate  shear  strength 

(F  )  of  annealed  Ti-5Al-2.5Sn  allov  (sheet), 
su 
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FIGURE  5.3.1.1.3(a).  Effect  of  temperature  on  the  ultimate  bearing  strength 

(F.  ^  annealed  Ti-5Al-2.5Sn  alloy  (sheet). 
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FIGURE  5.3.1.1.3(b).  Effect  of  temperature  on  the  bearing  yield  strength 

(F,  )  of  annealed  Ti-5Al-2.5Sn  alloy  (sheet), 
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FIGURE  5. 3. 1.1. 5. 


Temperature,  K 

Effect  of  temperature  on  the  elongation  oE 
annealed  Ti-5Al-2.5Sn  alloy  (sheet). 
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5.3.2  Ti-8AI-lMo-lV 

5. 3. 2.0  Comments.— Ti-8Al-lMo-l  V  alloy  is  a 
riear-alpha  composition  developed  in  the  late 
I950"s  for  improved  creep  resistance  and  thermal 
stability  up  to  about  728K.  The  alloy  is  available 
as  billet,  bar,  plate,  sheet,  strip,  and  extrusions, 
and  is  usually  used  in  one  of  two  annealed 
conditions. 

Manufacturing  Considerations. — Room  tem¬ 
perature  forming  of  Ti-8A!-.lMo-l V  sheet  is 
somewhat  more  difficult  than  in  Ti-6AI-4V,  and; 
for  severe  operations  hot  forming  is  required. 
Ti-8Al-lMo-l  V  can  be  fusion  welded  readily 
with  inert-gas  protection  or  spot  welding  without 
atmospheric  protection.  Weld  strengths  are  com¬ 
parable  to  those  of  the  parent  metal  although  duc¬ 
tility  is  somewhat  lower  in  the  weldment. 

Environmental  Considerations. — 
Ti-8Al-!M0-l  V  exhibits  good  oxidation  re¬ 
sistance  and  thermal  stability  up  to  728  K.  A 
decrease  in  tensile  elongation  has  been  reported 
for  single-annealed  sheet  following  150  hours 
stressed  exposure  at  811  K.  Extended  exposure 
to  temperatures  exceeding  589  K  adversely  affects 
room-temperature  spot-weld  tension  strength. 
This  alloy  is  not  recommended  for  structural  ap¬ 
plications  at  iiquid-hydrogen  temperatures  (20 
K).  The  Ti-8AI-IMo-l  V  alloy  also  is  susceptible 
to  chloride  stress-corrosion  attack  in  either  ele¬ 
vated-temperature  (hot-salt  stress-corrosion)  or 
ambient-temperature  (aqueous  stress  corrosion) 
chloride  environments.  Thus,  care  should  be  ex¬ 
ercised  in  applying  the  material  in  chloride  con¬ 
taining  environments. 

Specifications. — Material  specifications  for 
Ti-8AI- 1  Mo-1  V  are  presented  in  Table 
5.3.2.0(a). 


Table  5.3.2.0(a).  Material  Specifications  for 
Tt-SAl-lMo-l  V 


' 

Specification 

Form 

MIL-T-9046  .... 

Sheet,  strip,  and  elate 

MIL-T-9047  .... 

Bars 

AMS  4973  . . 

Forgings 

Heat  Treatment.— Two  different  annealing 
treatments  are  used  with  Ti-8Al-lMo-lV.  These 
are: 

Single  Anneal:  1061  K  for  8  hours,  furnace 
cool. 

Duplex  Anneal:  1061  Kfor  8.  hours  fr.rnacc 
cool,  followed  by  1061  Kfor  15  to  20  minutes,  air 
cool. 

As  a  general  guide,  the  single  anneal  is  used  to 
ob.ain  highest  room-temperature  mechanical' 
properties  and  the  duplex  anneal  to  obtain  highest' 
fracture-toughness.  BcTth  the  single  anneal  and  the 
duplex  anneal  are  compatible  with  hot-forming; 
operations. 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  for  Ti-8AI-lMo-l  V  are  shown  ini  Ta¬ 
bles  5.3.2.0(b)  and  (c).  The  effect  of  temperature 
on  physical  properties  is  shown  in  Figure  5.312.0. 

5.3.2. 1  Single- Annealed  Condition. — 
Cryogenic,  room  temperature  and  elevated  tem¬ 
perature  property  curves  for  this  condition*  arc 
shown  in  Figures  5.3.2.1.1(a)  through  5. 3. 2.1.4. 

Typical  tensile  and  compressive  stress-strain 
and  tangent-modulus  curves  are  shown  in  Figures 
5.3.2.1.6(a)  and  (b)  for  room  temperature  and 
several  elevated  temperatures. 

5. 3. 2. 2  Duplex- Annealed  Condition. — 
Cryogenic,  room  temperature  and* elevated  tem¬ 
perature  property  curves  for  this*  condition- are 
shown  in  Figures  5.3.2.2.1(a)  and  (b). 

Typical  tensile  and  compressive  stress-strain 
and  tangent-modulus  curves  arc  shown  in  Figures 
5.3.2.2.6(a)  and  (b)  for  room  temperature  and 
several  elcvated  temperatures. 

Constant-life  fatigue  diagrams  for  unnotchcd 
arid  notched  specimens  at  room  temperature  and 
several  elevated  temperatures  are  shown  in 
Figures  5.3.2.2.8(a)  through  (f). 
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TABLE  5*5.2.013).  OESIGN  HECHANICAL  AnO  PHYSICAL  PROPERTIES  OF 
TI-8AL-1MO-1V 


SPECIFICATION 


HIL-r-9  01.6,  TYPE  II,  COMP.  F 


AHS  5973 


SHEET! 


PLATE 

SINGLE  ANNEALED 


<53.50 


HECHANICAL  PROPERTIES* 

FTJ,  HP At 

. .  1030 

LT . !  1300 

ST . . . 

FTY ,  HPA1 

. .  931 

LT .  931 

ST..... . ;.... 

FCY,  HP At 

. . 985 

LT . 936 

ST«« •  *  • • • 

FSU*  HPA .  :  627 

FB*U  *  HPA!  ! 

C E/0= 1 ♦ 5) •••••••• •  ••• 

i  E/0=2.  0 ) .  2000 

FBRY •  HPAt 

(  E/D  =  l.  5) . 

{ E/0=2.  0  ) .  1590 

EL,  PERCENT t 

L. ..........  a 

LT .  a 

ST................  ... 

E,  GPA . 

EC,  GPA.* . . . 

G,  GPA . . 

HU . . . . 


PHYSICAL  PROPERTIES t 

OHEGA,  MG/H3. ........ 

C,  J/(G*K) . 

K>  H/(H*KJ . . . 

ALPHA,  10-6  M/ ( M*  K  t . . 


0.203-0.353  MM  THICKNESS,  6  PERCENT  5  0.369-0.610  NH  THICKNESS,  3  PERCENTt 
>  0.635  HH  THICKNESS,  10  PERCENT* 
b  MAX  IMUH'  Or  65*5  SO  CM  CROSS-SECTIONAL  AREA. 

^AVERAGE  VALUES  HAY  VARY  WITH  TEST  0IRECTI0N. 
dGRAIN  DIRECTION  NOT  SPECIFIEO. 


FORM. . . 

CONDITION.... 
THICKNESS,  MH 


BASIS 


MECHANICAL  PROPERTIES* 
FTU,  MPA i 

l  . . . 

LT . . . . 

FTY ,  MPAt 

L  .  . . 

LT.. . . 

FCY ,  MPAt 

L  ..........  i  .....  « 

LT . 

FSU,  MPA . . . 

F8RU,  MPAt 

tE/0=l.S) . 

( E/0=2.0J . 

FBRY,  MPAt 

CE/D=i.5> . 

(£/0=2. 0) . 

EL,  PERCENT  t 

L . . 

LT . 

E,  6PA . 

ECs  GPA . 

6,  SPA . 

MU . 


PHYSICAL  PROPERTIES  t 

OMEGA,  MG/M3...S . 

C,  J/(G*<> . 

K,  H/(M*K) . . . 

ALPHA,  10- 6  M/(M*K) . . 


SHEET,  S1RVJ  AMO  PL. 
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FIGURE  5.3. 2.0.  Effect  of  temperature  on  the  physical 
properties  of  Ti- 8AI-IK0-IV  alloy. 
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FIGURE  5.3.2.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  single 
annealed  Ti-8Al-lMo-lV  alloy  (sheet) 
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FIGURE  5.3.2.1.1(b).  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  single  annealed 
TI-SAl-^lMo-IV  alloy  (sheet). 
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FIGURE  5. 3. 2. 1.4.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  Ec)  of 
Ti-8Al-lMo-lV  alloy  (sheet). 
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FIGURE  5.3.2.2.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  0f  duplex-annealed 
Ti-8Al-lMo-lV  alloy  (sheet). 
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FIGURE  5.3.2.  '.;a).  Constant-life  fatigue  diagram  for  unnotched  T1-8AI-IM0-IV  alloy  (sheet)  at  room 
temperature. 


Correlative  Information  for  Figure  5.3.2.2.8(a) 
Product  Form:  Sheet,  1.27  mm  thick 


Properties:  TUS,  MPa  TYS,  MPa  Temp.  K 

1020  938  RT  (Unexposed) 

1048  958  RT  (Exposed)* 


Test  Parameters: 
Loading — Axial 
Frequency — 1 300  cpm 
Temperature — RT 
Atmosphere — Air 


Specimen  Details:  Unnotched: 

19.05  mm  width 


Surface  Condition  HNO3  pickled. 


‘Exposure:  172  ^*a  at  478  K,  <tp  to  5000  hours 
172  MPa.  at  616  K,  up  to  5000  hours 
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Correlative  Information  for  Figure  5.3.2.2.8(c) 


Product  Form:  Sheet,  1.27  mm  thick 

Properties:  TUS,  MPa  TYS,  MPa 

827  696 

876  731 


Temp,  k 
478  (Unexposed) 
478  (Exposed)* 


Test  Parameters: 
Loading — Axial 
Frequency — 1800  cpm 
Temperature— 478  K 
Atmosphere — Air 


Specimen  Details:  Unnotched: 

19.05  mm  width 


Surface  Condition: 


HNOj  pickled. 


‘Exposure: 


172  MPa  at  478  K, 
172  MPa  at  533  K, 


up  to  5000  hours 
up  to  5000  hours 
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FlGl'RE  5.3.2.2.8(ii).  Constant-life  fatigue  diagram  for  notched 
Tl-8Al-l:io-lV  alloy  (sheet)  at  478  K 


Correlative  Information  for  Figure  5.3.2.2.S(d) 

i 

Product  Form:  Sheet,  1.27  mm  thick  Test  Parameters: 

i  Loading — Axial 

Properties:  TUS,  MPa  TYS,  MPa  Temp.  K  Frequency — 1800  cpm 

j  827  696  478  (Unnotchcd,  Temperature—  478  K 

unexposed) .  Atmosphere — Air 

1103  —  478  (Exposed)* 


Specimen  Details:  Unnotched: 


Notched,  Hole  type.  K,  =  2.57 
38.10  mm,  gross  width 
31.75  mm,  net  width 
6.35  mm -diameter  hole 


Kn=!.62,p=  7.62  mnj,where Kn  =  1  + 


T-\Pr 


Surface  Condition:  HNO3  pickled. 


•Exposure:  172  MPa  at  478  K,  up  to  5000  hours 
172  MPa  at  533  K,  up  to  5000  hours 


As  3  00 
R= -000 
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FIGURE  5.3.2.2.8(f).  Constant-life  fatigue  diagram  for  notched 
Tl-SAt-lMo-lV  atloy  (sheet)  at  616  K 


Correlative  Information  for  Figure  5.3.2.2.8(f) 


Properties: 


Sheet,  1.2; 

7  mm  thick 

Test  Parameters: 

Loading — Axial 

TUS,  MPa 

TYS.  MPa 

Temp,  K 

Frequency — 1800  cpm 

758 

600 

616  ^  ('-''"notched, 

Temperature—  616  K 

965 

unexposed) 

Atmosphere — Air 

— 

616  (Notched, 

793 

unexposed) 

621 

616  (Unnotchcd, 

Specimen  Details:  Unnotchcd: 

19*05  nun  width 


exposed)* 

Notched.  Hole  type,  Kt  =  2.57 

38.10  mm,  gross  width 
31.75  tarn,  net  width 
6.35  mm  -  diameter  hole 


Kn=  1.85.p  =  2-29  ran,whereKN=  1 + 
Surface  Condition:  HNO3  pickled. 


JL_  [2 

i7-wyj  r 


’Exposure:  MPa  at  478  K,  up  to  5000  hours 

172  MPa  at  533  K,  up  to  5000  hours 
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5.3.3  Ti-6AI-2Sn-4Zr-2Mo 

5. 3. 3.0  Gmiments. — Ti-6Al-2Sn-4Zr-2Mo  is  a 
near-alpha  titanium  composition  developed  for 
improved  elevated-temperature  performance.  It 
is  ereen  resistant  and  relatively  stable  to  about 
839  K.  The  material  is  available  in  billet,  bar, 
plate,  sheet,  strip,  and  extrusions. 

Manufacturing  Considerations. — Forging  of 
Ti-6AI-2Sn-4Zr-2Mo  at  temperatures  below  the 
beta  transus  temperature  is  recommended.  For 
optimum  creep  properties  beta  forging  or  a 
modification  of  it  is  recommended  with  some  loss 
in  ductility  to  b<_  expected.  Elevated  temperatures 
may  be  used  for  severe  sheet  forming  operations 
while  room-temperature  forming  may  be  used  for 
mild  contouring.  Stress  relief  annealing  may  be 
combined  with  a  final  hot-sizing  operation.  The 
materia!  can  be  welded  using  TIG  or  MIG  fusion 
processes  to  achieve  100  percent  joint  efficiencies 
but  with  limited  weld  zone  ductility.  As  in  weld¬ 
ing  any  other  titanium  alloy,  shielding  from  at¬ 
mospheric  contamination  is  required  except  for 
spot  or  seam  welding. 

Environmental  Considerations.  — 
Ti-6AI-2Sn-4Zr-2Mo  is  somewhat  more  resistant 
to  hot  salt  cracking  than  either  Ti-SAl-lMo-1  V 
or  Ti-6A1-4V  alloys.  The  material  is  marginally 
susceptible  to  aqueous  chloride  solution  stress- 
corrosion  cracking.  Surface  oxides  formed  during 
exposure  to  service  temperature  ('780  K)  do  not 
adversely  affect  properties. 

Specifications. — Material  specifications  for 
Ti-6Al-2Sn-4Zr-2Mc  are  given  in  Table 
5.3.3.0(a). 


Table  5.3.3.0(a).  Material  Specifications  for 
Tt-6Al-2Sn.4Zr.2Mo 


Specification 

Form 

M1L-T-9046  .... 

Sheet  and  strip 

MIL-T-9047  .... 

Bars 

AMS  4976  . 

Forgings 

Heat  Treatment. — Several  different  annealing 
treatments,  which  are  described  below,  arc 
available  for  Ti-6Al-2Sn-4Zr-2Mo. 

For  sheet: 

Single  Anneal.  978-1089  Kfor  1  to  8  hours, 
slow  cool  to  839  K  and  air  cool. 

Duplex  Anneal.  1172  Kfor  1/2  hour,  air  cool, 
followed  by  1061 K  for  1/4  hour,  and  air  cool. 

Triplex  Anneal. 1172  Kfor  1/2  hour,  air  cool, 
follow-cd  by  1061  K  for  1/4  hour,  air  cool, 
followed  by  866  Kfor  2  hours  and  air  cool. 

For  bars  and  forgings  less  than  64  mm  in 
thickness: 

Duplex  Anneal.  1228  Kfor  1  hour,  air  cool, 
followed  by  866  K  for  8  hours  and  air  cool. 

For  bars  and  forgings  less  than  64  mm  in 
thickness: 

Duplex  Anneal;  1172  K(or  1228 K)  for  1  hour, 
air  cool,  followed  by  866  K  for  3  hours  and  air 
cool. 

For  sheet,  the  triplex  anneal  offers  higher 
uniaxial  strength  at  room  temperature.  For  bar 
and  forging.  the!172  Ktrcaiment.  along  with  tr.e 
866  K  provides  somewhat  higher  tensile 
strengths  at  room  and  elevated  temperatures 
while  the  1228K  treatment  combined  with  866  K 
result:,  in  superior  «.rccp  resistance  and  impr  ned 
elevated  temperature  stability. 

Room-Temperature  Properties 

Rooin-tcmpcraiutc  mechanical  and  physical 
properties  for  T 5-6AI-25  -4Zi -2M&  are  present¬ 
ed  in  Table  5.3.3.0(h)  The  effect  of  temperature 
on  physical  propeu.es  i,.  shown  ir.  Figure  5.3. 3.0. 

5.3.3. 1  Single.  Duplex.  and  Triplex  Annealed 
Condition.-~ Room  and  elevated  temperature 
properly  curves  for  these  conditions  are  shown  in 
Figures  5.3.3.1.1(a)  thiough  5. 3.3.1  4. 

Typical  siress-strnir.  curves  at  room  and  ele¬ 
vated  temperatures  are  shown  in  riguses 
5.3.3.1.6(a)  through  (c). 
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TABLE  5.3. 3. 0(B).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  Oe 
TI-6 AL- 2SN-4Z  R-2MO 


SPECIFICATION, 

FORM . 


MIL-T-9046,  TYPE  III, 

_ COMP.  G _ 

SHEET  AND  ST» I P _ 

3UPLEX  i  TRIPLEX 


CONOITI ON . 

THICKNESS,  MM, 
BASIS . 


MECHANICAL  PROPERTIES: 
FTU,  MPA! 

L . 

LT . 

ST . 

FTY,  MPA: 

L . 

LT . . . 

ST . .... 

FCY,  MPA  t 

L . 

LT . 

ST . 

FSJ,  MPA . 

FBRU ,  MPAt 

( E/0=i . 5 J . 

(E/0=2. 0) . 

FBRY,  MPA! 

. E/0=1. . . 

(E/0”2. 0) ......... 

EL,  PERCENT: 

L . 

LT..., . 

ST . 

E,  G  P  A . 

EC,  GPA . 

G,  G°A . 

MU . 


<4. 

76 

<i 

A 

i 

1  B  1 

!  i 

A 

931b 

986 

993 

931° 

,  966 

993 

•  •  t  j 

| 

!  ... 

! 

a  a  • 

S62c  1 

j  938 

931 

862  , 

;  9  24 
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•  •  • 

•  •  • 

a  a  a 
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a  a  a 

»: 

a  •  a 

9 

a 

*  •  a 

9 

- 

»  M 

_ Ml- 

HIL-T-9047 

COMP.  11 

1  ©  •**•*■* 

AMS  4976 

BARS 

FORGINGS 

ANNEALED 

DUPLEX 

A  NNPAl FD 

.  _<76.20d 

S 

s£ 

896 

896 

8  96 

a  a  a 

896 

a  a  a 

827 

827 

827 

a  a  a 

827 

... 

a  a  a 

a  a  a 

•  a  a 

a  a  a 

a  a  a 

a  a  a 

•  a  a 

a  a  a 

a  a  a 

a  a  a 

a  *  a 

... 

a  •  a 

a  a  a 

a  a  a 

a  a  a 

18 

10 

10 

a  a  a 

a  a  a 

_  a  a  a  1 

113.8 
♦  •  * 
42.  T 
0.32 


PHYSICAL  PROPERTIES: 

OMEGA,  MG/M3 . . 

C,  J/  <G*K> . 

K,  W/  (M*K) . 

ALPHA,  10-6  M/(M*K). . 


7. 74  (473K);  8.1.0  (590-G11K) 


.MAXIMUM  OF  64.5  SQ  CM  CROSS-SECTIONAL  AREA. 

°  THE  a  VALUES  ARE  HIGHER  THAN  SPECIFICATION  VALUES  AS  FOLLOWS!  FTU (L+LT) 
958  MPA. 

THE  A  VALUES  ARE  HIGHER  THAN  SPECIFICATION  VALUES  AS  FOLLOWS!  FTY  (L )  * 

.  903  HPA,  FTY(uT)  =  839  MPA. 

A  VALUE  BASEO  ON  >  0.406  MM  THICKNESS’  SPECIFICATION  VALUE  IS  8%  FOR 
<  0.509  MM  THICKNESS. 

A  VALUE  BASEO  ON  >  0.  660  MM  THICKNESS,’  SPECIFICATION  VALUE  IS  87.  FOR 

f  <0.508  HM  THICKNESS. 

GRAIN  DIRECTION  NOT  SPECIFIED. 
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Percent  F  at  Room  Temperature 
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FICURE  5. 3.3.0.  Effect  of  temperature  on  the  physical 
properties  of  Ti-6Al-2Sn-47.r-2Mo  alloy 
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FIGURE  5.3.3.1.1(a). 
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Effect  of  temperature  on  the  ultimate 
tensile  strength  (Ftu)  of  single, 
duplex,  and  triplex  annealed  Ti-6A1- 
2Sn-4Zr-2Mo  alloy. 
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FIGURE  5.3.3.1.1(b).  Effect  of  temperature  in  the  tensile  yield 

strength  (FCy)  of  single,  duplex,  and 
triplex  annealed  Ti-6Al~3Sn-4Zr-2Mo  alloy. 
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FIGURE  5. 3. 3.1. A.  Effect  of  temperature  on  the  tensile  modulus 
(E)  of  single,  duplex,  and  triplex  annealed 
Ti-6Al-2Sn-/-Zr-2Mo  alloy. 
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FIGURE  5.3.3.1.6(c).  Typica.  tensile  stress-strain  curves  (full  range)  for  duolex 

annealed  Ti-6Al-2Sn-4Zr-2Mo  alloy  (sheet)  at  room  and  elevated 
temperatures. 
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5.3.4  Ti-1  lSn-5Zr-2/Vl-lMo 

5. 3. 4.0  Comments. — Ti-1  lSn-5Zr-2Al-lMo 
alloy,  commonly  called  Ti-679,  is  near-alpha 
titanium  composition  which  is  distinct  from  other 
near-alpha  alloys  because  of  the  low  aluminum 
and  high  tin  contents  and  because  of  the  inten¬ 
tional  silicon  addition  ( — -0.2  percent).  The  alloy 
is  available  in  the  form  of  billet  and  bar.  The 
alloy  is  intended  for  applications  requiring  high- 
temperature  creep  strength,  stability  and  short- 
time  strength  properties  to  755  K.  The  alloy  is 
noted  for  its  creep  resistance  but  not  for  its 
weldability. 

Manufacturing  Considerations. — Initial  forg¬ 
ing  of  Ti-1  lSn-5Zr-2Al-lMo  alloy  may  be  done 
at  temperatures  as  high  as  1269  K,  although  finish 
forging  should  be  accomplished  below  1186  K- 
Since  a  range  of  mechanical  properties  are  availa¬ 
ble  from  this  alloy  depending  upon  processing 
and  heat  treatment,  it  is  desirable  to  follow  pro¬ 
ducer  recommendations  carefully. 

Environmental  Considerations. — 
Ti-1  lSn-5Zr-2Al-lMo  is  unstable  in  stressed  ex¬ 
posure  at  temperatures  above  75  5  K  in  times  as 
short  as  1 00  hours.  However,  good  stability  exists 
at  temperatures  up  lo755  K.  The  threshold  stress 


for  hot-salt  stress-corrosion  at  755  K  is  276  MPa 
(2500  hours)  which  is  superior  to  some  other 
titanium  alloys  (e.g.,  Ti-8AI-!Mo-l V).  The 
material  is  marginally  susceptible  to  aqueous 
chloride  solution  stress  corrosion. 

Specifications. — A  material  specification  for 
Ti-1  lSn-5Zr-2Al-lMo  is  presented  in  Table 
5.3.4.0(a). 


TABLE  5.3.4.0(a).  Material  Specification  for 
Ti-I  !Sn-5Zr-2Al-lMo 


Specification 

Form 

MIL-T-9047  . 

Bars 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  for  Ti-1  lSn-5Zr-2Al-lMo  are  present¬ 
ed  in  Table  5.3.4.0(b).  The  effect  of  temperature 
on  physical  properties  is  shown  in  Figure  5. 3.4.0. 

5.3.4. 1  Annealed  Condition. — Effect  of  tem¬ 
perature  curves  for  annealed 
Ti-1  lSn-5Zr-2Al-lMo  are  presented  in  Figures 
5.3.4.1.1(a)  through  5.3.4. 1.5. 


14 
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FIGURE  5. 3. 4.0.  Effect  of  temperature  on  the  physical 

properties  of  Ti-llSn-5Zr-2Al-).Mo  alloy. 
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table  5.3.a.o(B).  oesign  mechanical  and  physical  properties  of 

TI-11SN-5ZR-2AL-1MO  (BARS) 


specification . 

MIL-T-9047,  C"HP.  10 

FORM.. . 

BARS 

conoition . 

ANNE Al CO 

THICKNESS,  MM .  ! 

<57.1/ 

BASIS....... . 

S 

MECHANICAL  PROPERTIES! 

FTU,  MPA! 

. . . 

965 

LT . 

965 

ST . 

365 

FTY,  MPA! 

L . 

896 

LT . 

896 

ST . .  . 

896 

FCY ,  MPA: 

. . 

LT . 

ST . 

FSU,  MPA . 

FBRU,  MPA  t 

(E/0=1.5) . 

•  •• 

<E/0=2.0) . 

FBRY,  MPAt 

( E/0=i. 5) . 

( E/O-2. 0 ) •  •  *  •  ••••  • 

EL,  PERCENT! 

L . . . 

10 

LT . 

10 

ST . 

10 

E,  G PA . 

113.8 

EC,  GPA . 

•  •  • 

G,  GPA . . 

*  •  • 

HU . 

•  •  • 

PHYSICAL  PROPERTIES! 

OMEGA,  MS/M3 . 

A.  82  , 

C,  J/  (G*K> . 

SEE  FIGURE  5. 3. 4.0 

K,  W / (M*K) . •  . . . 

SEE  FIGURE  5. 3. 4.0 

ALPHA,  10-6  M/(M»K) .  . 

SEE  FIGURE  5. 3. 4.0 

- - - - - t - • - . - < 

3  MAXI  MUM  OF  32.2  SO  CM  CROSS-SECTIONAL  AREA. 


Percent  Ftv  at  Room  Temperature  Percent  F1u  at  Room  Temperature 
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FIGURE  5.3.4.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  annealed 

Ti-2Al-llSn-5Zr-lMo  (bars  and 
forgings). 


FIGURE  5.3.4.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (Ftv)  of  annealed 
Ti-2Al-llSn-5Zr-lMo  (bars  and 
forgings). 


5-51 


[■■•■■■■■■■a  ■■■*«'«  ■aiS*>!S5*!!S2l 


aBBBBBBBBB  ■bbbBIBBBBBBB*«Z'"*s*bbbbbbBBBBibb 

!««5S!!«SS!!SSSK«S«K!!S««S«i!SSS!SS!|!!SS!!!j«»!Sjj!55jjj;jj|{j5jjjjjj!»jj;**;* 

iBBBBBBBBBBBBaBBBSBBBBaaBBaBBBBBBBBBSBBBBaBBBBBBSBBaaiiBBBaaa  bbbbbbbbbb  bbbbbbbbbb 

(■•■■■■■■a  isaaBaaBaaaiBBBBBBBi  bbbbb  a  bub  bbbbbbbbbb  ■■■ ■*“22522222222222  2222222222 

iBaB«aaaaaaaBa«aBaBBBBaaaBBaBaBaaBaBa«aaa*aaBaaaaa«5»;;a»SBiia»B»a«majiBBiijaa«aaa» 


■■SuKniiimmnuaiiMi»i;»i»iii» . 


300  400  500  600  700  800  900  1000  1100 

Temperature,  K 

FIGURE  5. 3. 4. 1.4.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  Ec)  of  annealed 
Ti-llSn-5Zr-lMo  (bars) . 
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FIGURE  5. 3. 4. 1.5.  Effect  of  temperature  on  the  elongation 
of  annealed  Ti-llSn-5Zr-2Al-lMo  (bars) . 


5.4  Alpha-Beta  Titanium  Alloys 

The  alpha-beta  titanium  alloys  contain  both  the 
alpha  and  beta  phases  at  room  temperature.  The 
alpha  phase  is  similar  to  that  of  unalloyed 
titanium  but  is  strengthened  by  the  alpha  stabiliz¬ 
ing  additions  (e  g.,  aluminum).  The  beta  phase  is 
the  high-temperature  phase  of  titanium  but  it  is 
stabilized  to  room  temperature  by  sufficient 
quantities  of  such  beta  stabilizing  elements  as 
vanadium,  molybdenum,  iron,  or  chromium.  In 
addition  to  strengthening  of  titanium  by  the  alloy¬ 
ing  additions,  alpha-beta  alloys  may  be  further 
strengthened  by  heat  treatment.  The  alpha-beta 
alloys  have  very  good  strength  at  room  tem¬ 
perature  and  for  short  times  at  elevated  tem¬ 
perature.  They  are  not  noted  for  long-tin.--  creep 
strength.  With  the  exception  of  annealed 
Ti-6A1-4V,  these  alloys  are  not  recommended  for 
cryogenic  applications.  The  weldability  of  many 
of  these  alloys  is  poor  because  of  the  two-phase 
microstructure.  However,  some  of  them  are 
being  welded  successfully  with  special  precau¬ 
tions. 

5.4.1  Ti-8Mn 

5.4. 1.0  Comments. — Ti-8Mn  alloy  ts  a  sheet 
and  plate  alloy  developed  for  its  excellent  for- 
mability  combined  with  an  intermediate  strength 
level.  The  material  has  good  elevated-tem¬ 
perature  strength  and  stability  .  >  about  589  K. 
Ti-8Mn  is  used  in  the  annealed  condition  only. 
Heat  treatment  is  not  recornm.  ncled. 

Manufacturing  Considerations.  —  Ti-8Mn  can 
be  formed  severely  without  difficulty.  Recom¬ 
mended  forming  temperatures  are  755  tc  811  K 
for  severe  forming,  and  room  temperature  for 
simple  forming.  Welding  of  this  alloy  is  not 
recommended  because  of  brittleness  in  the  weld 
joint.  However,  spot  welding  has  been  used  exten¬ 
sively  in  design  applications  where  joint  strength 
was  not  a  factor. 


Environmental  Considerations.  —  Ti-8Mn  is 
stable  under  stress  at  temperatures  up  to  616  K  for 
times  up  to  1000  hours  without  loss  of  ductility. 
This  alloy  is  not  recommended  for  cryogenic  ap¬ 
plications.  The  material  is  sensitive  to  chloride 
containing  environments  showing  susceptibility  to 
aqueous  chloride  solution  stress  corrosion  as  well 
as  hot-salt  stress-corrosion  attack.  Ti8Mn  is  re¬ 
sistant  to  oxidation  up  to  the  service  temperature 
limit  (589K). 

Specifications.  —  A  material  specification  for 
Ti-8Mn  is  presented  in  Table  5.4.1.0(a). 

Table  5.4.1.0(a).  Material  Specification  for 
Ti-8Mn 


Specification 

Form 

AMS  4908  ! 

Sheet,  strip,  and  plate 

Heat  Treatment.  —  This  alloy  is  annealed  by 
healing  to  950  to  978  K  for  1  hour,  furnace 
cooling  at  422  Kper  hour  maximum  to  839  K 
maximum.  Stress  relieving  requires  approx¬ 
imately  20  min.  at  811  K. 

Room-Temperature  Properties 

Room-temperature  mechanical  properties  for 
Ti-8Mn  are  shown  in  Table  5.4. 1 .0(b).  The  effect 
of  temperature  on  physical  properties  is  shown  in 
Figure  5.4. 1.0. 

5. 4.1. 1  Annealed  Condition.  —  Elevated-tem¬ 
perature  data  for  annealed  Ti-8Mn  are  presented 
in  Figures  5.4.1.1.1(a)  through  5.4. 1.1.4. 

Compression  stress-strain  and  tangent-modulus 
curves  at  various  temperatures  are  shown  in 
Figures  5.4.1.1.6(a)  through  (c). 


TABLE  5.4.1.0(B) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  C'P 
TI-5MN  (SHEET  AND  STRIP). 


THICKNESS  0.035  MM  ANO  ABOVE. 
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FIGURE  5. A.  1.0.  Effect  of  temperature  on  the  physical 
properties  of  Ti-8Mn  alloy. 
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strength  (F  )  of  annealed  Ti-8Mn  alloy 
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FIGURE  5.4.1.1.1(b). 
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5.4.1.1.2(a).  Effect  of  temperature  on  the  compressive  yield 
strength  (F  )  of  annealed  Ti-8Mn  alloy. 


FIGURE  5.4.1.1.2(b). 
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FIGURE  5. 4. 1.1. A. 
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FIGURE  5. A. 1.1. 6(a) 


Typical  compressive  stress-strain  curves  for  annealed 
Ti-8Mn  alloy  (sheet)  at  various  temperatures. 
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Compressive  Tangent  Modulus,  GPa  (x  10) 


FIGURE  5.4.1.1.6(c).  Typical  compressive  stress-strain  and  tangent-modulus  cun 

for  annealed  Ti-8Mn  alloy  (sheet)  at  room  temperature. 
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5.4.2.  Ti-6Al-2Sn-4Zr-6Mo 

5.4.3  Ti-6A!-4V 

5.4. 3.0  Comments. — Ti-6A1-4V  is  available  in 
all  null  product  forms  as  well  as  in  castings 
and  powder  metallurgy  forms.  It  can  be  used  in 
cither  the  annealed  or  solution  treated  plus 
aged  (STA)  conditions  and  is  weldable.  Tem¬ 
perature  use  range  is  from  78  to  672  K  .  For 
maximum  toughness,  Ti-6A1-4V  should  be 
used  in  the  annealed  or  duplex  annealed  con¬ 
dition  whereas  for  maximum  strength,  the  STA 
condition  is  used.  The  full  strength  potential 
for  this  alloy  is  not  available  in  sections  greater 
than  about  I  inch. 

Manufacturing  Considerations. — Ti-6A1-4V 
alloy  may  be  forged  above  the  beta  transus 
temperature  using  procedures  to  promote  a 
high  toughness  material.  The  material  is 
routinely  finished  below  the  beta  transus  tem¬ 
perature  for  good  combinations  of 
fabricability,  strength,  ductility,  and  tough¬ 
ness.  Elevated  temperatures  are  usually  used 
to  form  flat-rolled  products  although  extensive 
forming  also  may  be  accomplished  at  room 
temperature.  Flat-rolled  products  arc  usually 
formed  and  used  in  the  annealed  condition 
although  some  forming  in  the  STA  condition  is 
possible. 

This  alloy  can  be  spot  welded  and  it  is  being 
fusion  welded  extensively  in  certain  applica¬ 
tions.  Established  titanium-welding  techniques 
must  be  employed,  and  special  design  con¬ 
siderations  may  be  involved  in  fusion  weld¬ 
ments.  Stress-relief  annealing  after  welding  is 
recommended. 

Environmental  Considerations. — Ti-6A1-4V 
can  withstand  prolonged  exposure  to  tem¬ 
peratures  up  to  672K  without  loss  of  ductility.  Its 
toughness  in  the  annealed  condition  is  adequate  at 
temperatures  down  to  78  K.  (A  special  low  in¬ 
terstitial  grade  may  be  used  down  to  20  K.) 
Ti-6A1-4V  is  resistant  to  oxidation  at  least  to 
811  K  and  resistant  to  hot-salt  stress-corrosion 
to  about  its  maximum  use  temperature  depending 
on  exposure  time  and  exposure  stress.  The 
material  is  marginally  susceptible  to  aqueous 
chloride  solution  stress-corrosion,  but  is  con¬ 
sidered  to  have  goud  resistance  to  this  reaction 
compared  with  other  commonly  used  alloys. 


Specification. — Some  material  specifications 
for  Ti-6A1-4V  arc  presented  in  Table 
5.4.3.0(a). 


Table  5.4.3.0(a).  Material  Specifications  for 
Ti-6Al-4  V 


Specification 

Form 

MIL-T-9046  . 

Sheet,  strip,  and  plate 

AMS  4906  . 

Continuously  rolled  sheet 

MIL-T-9047  . 

Bars 

MIL-T-81556  _ 

Extruded  bars,  rods,  and 
special  shaped  sections 

AMS  4928  . 

Forgings 

Heat  Treatment. — This  alloy  is  commonly 
specified  in  either  the  annealed  condition  or  in 
the  fully  heat-treated  condition.  Annealing  re¬ 
quires  1  hour  at  978  K,  followed  by  furnace 
cooling  if  maximum  ductility  is  required. 

The  specified  fully  heat-treated,  or  solution- 
treated  and  aged  condition  for  sheet  is  as 
follows: 

Solution  treat  atl200  Kfor  5  to  25  minutes, 
quench  in  water. 

Age  at  797  Kfor  4  to  6  hours,  air  cool. 

For  bars  and  forgings: 

Solution  treat  at  1200  Kfor  1  hour,  quench 
in  water. 

Age  at  811  K  for  3  hours,  air  cool. 

Room-Temptrature  Properties 

Room-temperature  mechanical  properties 
for  Ti-6AI-4V  arc  shown  in  Tables  5.4.3.0(b) 
through  (f).  The  effect  of  temperature  on 
physical  properties  is  shown  in  Figure  5. 4. 3.0. 

5.4.3. 1.  Annealed  Condition. — Effect  of  tem¬ 
perature  curves  for  annealed  Ti-6AI-4V  are 
presented  in  Figures  5.4.3.1.1(a)  through 
5. 4. 3. 1.5.  Typical  stress-strain  curves  at 
several  temperatures  arc  presented  in  Figures 
5.4.3.1.6(a)  through  (c).  Typical  full-range 
stress-strain  curves  at  room  temperature  for 
this  condition  are  shown  in  Figure 
5.4.3.1.6(d). 

Typical  unnotchcd  and  notched  fatigue  data 
at  room  temperature  arc  shown  in  Figures 
5.4.3. 1 .8(a)  through  (d). 


5. 4. 3. 2  Solution-Treated  and  Aged  Condition. — 
Effect  of  temperature  curves  for  solution-treated 
and  aged  Ti-6A!-4V  arc  presented  in  Figures 
5.4.3.2.1(a)  through  5.4.3. 2.4.  Typical  tensile 
and  compressive  stress-strain  curves  for  sheet 
material  at  several  temperatures  between  room 
temperature  and  811  K  are  shown  in  Figures 
5.4.3.2.6(a)  through  (e).  Typical  full-range  stress- 
strain  curves  at  several  temperatures  between 
room  temperature  and  811  K  are  shown  in 
Figure  5.4. 3. 2.6(f). 


A  nomograph  of  typical  creep  properties  of 
solution-treated  and  aged  sheet  for  the  tem¬ 
perature  range  587  K  through  700  K  is  pre¬ 
sented  in  Figure  5.4. 3. 2. 7. 

Typical  unnotched  and  notched  fatigue  data 
at  room  temperature  and  elevated  tem¬ 
peratures  are  shown  in  the  constant-. ife  fatigue 
diagrams  of  Figures  5.4.3.2.8(a)  through  (c). 


FIGURE  5. 4. 3.0.  Effect  of  temperature  on  the  physical 
properties  of  Ti-6A1-4V  alloy. 


10" 6  m/(m  •  K) 


TABLE  5.4.3.0(C).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  Oc 
TI-6AL-4V  (SHEET  AND  ST°IP) 


. . . . . . . . . 

SPECIFICATION . 

AMS  4  90  6  ’ 

FOPH . .  .  .  .  . . 

CONTINUOUSLY  ROLuEO  SHEET  ANO  STRIP a 

CONDITION . . . 

ANNEALED 

THICKNESS,  mm . 

0.20 

<0* 20- 

0.64-  ■ 

0.  63 

1.52 

BASIS . 

s 

A 

B 

A 

B 

MECHANICAL  PROPERTIES: 

'  'I 

FTU,  MpAt 

H 

L . 

•  «  • 

965b 

1030 

965 

1C00 

LT . 

965 

9  65° 

1020 

965 

1010 

FTY,  MPAt 

. . 

•  •  • 

841 

696 

841° 

883 

LT . . . 

869 

8  69° 

965 

869° 

931 

FCY,  Ho At 

L . 

•  •  • 

8  62 

924 

862 

910  , 

LT . . 

839 

889 

993 

839 

958  1 

FSU,  MPA. . 

621 

621 

655 

621 

641  ) 

FBRUe, MPA l 

1 

( E/0=1«  5) . 

1493 

1490 

1570 

1490 

1540  :j 

(E/D=2.0) . 

1910 

19  30 

2  010 

1930 

2000  .j 

FBRYe,  MPA t 

;  u 

(£/0=i. 51 . 

•  •  • 

1140 

1210 

1140 

1200  :i 

<E/D=2. 0) . 

1400 

1490 

1400 

1480  fl 

EL,  PERCENT: 

•  fl 

L . 

•  4 

7 

•  «  « 

C 

•  •  •  9 

LT . 

4 

5 

•  •  • 

8 

•  •  •  i 

E,  G PA . 

110.3 

1 

EC,  GPA . 

113.1 

fl 

G,  GPA . 

42.7 

fl 

MU . . . 

0.31 

a 

PHYSICAL  PROPERTIES: 

OMEGA,  MG/ M3 . 

4.43 

'  fl 

C,  J/(G*<) . 

SEE  FIGURE  5 

4.3.0 

fl 

K,  H/(M»K) . . 

SEE 

FIGURE  5 

4.3.0 

'  i 

ALPHA,  10-6  H/(M*K>.. 

SEE 

FIGURE  5 

4.3.0 

II 

*WIOTH  GREATER  THAN  229  MM. 

b  THE  A  VALUES  ARE  HIGHER  THAN 

SPECIFICATION 

VALUES 

AS  FOLLOHS:  FTU (L)  =  j 

1000  MPA,  FTU(LT)  = 

993  MPA,  FTY(LT)  =  924  MPA. 

ffl 

THE  A  VALUES  ARE  HIGHER  THAN 

SPECIFICATION 

VALUES 

AS  FOLLOWS!  FTUtL)  =  1 

972  MPA,  FTU(LT)  = 

986  1PA 

FTY  (LT  /  =  903  MPA. 

jfl 

d ESTIMATED  VALUE  BASED 

ON  LIMITED  OATA. 

[fl 

BEARING  VALUES  ARE  DRY  PIN  VALUES  PER  SECTION  1.4 

.7.1.  1 

TABLE  5.4.3. 0(E)*  OESIGN  MECHANICAL  AND  “HYSICAL  PROPERTIES  OP 
TI-6AL-4V  ( FORGINGS ) 


SPECIFICATION .  f _ AMS_492.B 

FORM . ' _ FORGINGS 

CONDITION .  '  '  ANNEALED’ 


THICKNESS*  HN . 

— 

101.62- 

<101.61 

152.40 

BASIS . 

S 

s 

MECHANICAL  PROPERTIES » 

. . . 

. 

FTJ,  MPAt 

L . 

896 

898 

LT . 

896 

896 

ST . . 

896 

896 

FTY «  MPA: 

L . . 

827 

827 

LT... . . . 

8  27 

827 

ST . . . 

827 

827 

FCY  *  MPAt 

. . 

•  •  * 

•  •  • 

LT . 

•  •  • 

•  •  9 

ST . 

•  •  • 

FSU,  MPA . 

•  *  • 

•  •  • 

FBRU,  MPA: 

<E/0=1.5> . 

•  •• 

•  •  • 

( E/0=2. 0) . 

... 

... 

FBRY,  MPA: 

( E/0=1. 5) . 

•  •  • 

<E/0=2. QJ . 

•  •  • 

•  •  • 

EL,  PERCENT: 

L . 

10 

10 

LT . 

10 

10 

ST  . . . 

10 

6 

E,  G PA . 

110. 

3 

EC,  GPA . 

113. 

1 

G,  GPA . 

42. 

7 

MU. . . . . 

0.31 

PHYSICAL  PROPERTIES: 

OMEGA,  MG/M3.. . 

43 

C,  .//  (G*K) . 

SEE  FIGURE  5. A. 3.0 

K,  H/«M*KK . 

SEE  FIGURE  5. 4. 3.0 

ALPHA,  10-6  .V<N*K) .  . 

SEE  FIGURE  5. 4. 3.0 
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FIGURE  5.4.3.1.1(a) .  Effect  of  temperature  on  the 

ultimate  tensile  strength  (Ftu) 
of  annealed  Ti-6A1-4V  alloy- 
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FIGURE  5.4  3.1.1(b).  Effect  of  temperature  on  the 

tensile  yield  strength  (FCy) 
of  annealed  Ti-6Al-4V  alloy. 
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FIGURE  5.4.3.1.2(a) 


Effect  of  temperature  on  the  compressive 
yield  strength  (Fcy)  of  annealed  Ti-6Al- 
4V  alloy. 
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FIGURE  5.4.3.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (Fsu)  of  annealed  Ti- 
6A1-4V  alloy. 
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FIGURE  5.4.3.1.3(a) . 


Effect  of  temperature  on  the  ultimate 
bearing  strength  (Fbru)  of  annealed 
Ti-6A1-4V  alloy. 
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FIGURE  5.4.3.1.3(b).  Effect  of  temperature  on  the  bearing  yield 

strength  (Fbrv)  of  annealed  Ti-6A1-4V 
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FIGURE  5. 4. 3. 1.5.  Effect  of  temperature  on  the  elongation  of 
annealed  Ti-6A1-4V  (sheet  and  bar). 
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FIGURE  5.4.3.1.6(a). 


Strain,  0.001  m/m 

\ 

Typical  tensile  sti/ess-strain  curves  at 
cryogenic,  room  and  elevated  temperatures 
for  annealed  H-6A1-4V  alloy. 


V". 


Slroln,  O.OOI  mm/mm 

FIGURE  5.4.3.1.6(b).  Typical  compressive  stress-strain  curves  at  room  and 
elevated  temperatures  for  annealed  T1-6A1-4V  allov 
(extrusions) . 


Compressive  Tangent  Modulus,  GPo  (x  10) 


FIGURE  5-4.3. 1.6(c) .  Typical  cospressive  cangent-sodulus  curve*  at  rooa  and 
elevated  teaparatured  for  annealed  T1-6A1-4V  allov 
(extrusions) . 
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Strain,  m/m 

IGURE  5.4.3.1.6(d).  Typical  tensile  full  range  stress-strain  curves  for  annealed 

Ti-6A1-4V  sheet  at  room  temperature. 
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Mnmim  St n»s,  MPa 


5.4.3.1.8(a).  Tvplcai  conatant-llft  facljua  dlaura*  for  annealtd  Tl-6Al-*V  alloy(bar)  Qt  roo*  tetrceracure. 


Correlative  In  format  ion  for  Figure  5.4.3.1.8(a) 


Product  Form-  Roller  Bar,  31.75  mm  diameter 


Properties  TUS.  MPa  TYS.MPa 

941  r86 

1303  ~ 


Temp,  ^ 

RT  (Unnotchcd) 
RT  (Notched) 


Test  Parameters: 

Loading  -  Axial 
Frequency  -  1750  cpm 
Temperature  -  RT 
Atmosphere  -  Air 


Specimen  Details:  Unnotchcd 

5.16  mm  diameter 


Notched.  V -Groove.  K,=  3.3 
8.41  mm,  gross  diameter 
6.40  mm,  net  diameter 
0.25  mm,  root  radius,  r 
60°  flank  angle,  w 


Kn  =  1.74,  p  =  1,118  mm,  "'here 


Surface  Condition-.  Unnotchcd:  Polished  longitudinally  with  240,  400  and  600  emery  belts. 

Notched:  Machined  V -groove  followed  by  polishing  notch  root  with  600-grit 
slurry  and  rotating  copper  wire. 


Moxlmum  Stress,  MPa 


S.  600 
5 


£  200 


Tesl  Conditions 

Notched - 

K|  =  2.76 
A  =oo 
A  --0.9B 
A  *0.4 


Minl.T«im  Stress,  MPa 

I'lCl'Ki:  5.S .3 . 1  .titc ) .  typical  (oitnt<iiit-lllr  fill  1  mu'  diagram  for  noicticd  annealed  Tt-GM-V.' 
(c*irusio- ..  t  ai  t.l*  K  ,  toi-ii  [ul  in  it  direct  I  on 


Correlative  Information  for  Figure  5.4.3.1.8(c) 


Product  Form:  Extrusion,  7.62  and  14.22  mm  thick 
Grain  Direction:  Longitudinal 


Properties: 


TUS,  MPa  TYS,  MPa  Temperature,  K 


Test  Parameters: 
Loading:  Axial 
Frequency:  1 800  cpm 
Temperature:  478  K 
Atmosphere:  Air 


Specimen  Details: 


478  (Unnotched) 

478  (Notched) 

Notched,  Hole  type,  K,  =  2.76 

38.10  mm,  gross  width 
31.75  mm,  net  width 
6.35  mm,  hole  diameter 


Surface  Condition:  Notched:  Machined  to  RMS  63. 
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FIGURE  5.4.3.2.1(a).  Effect  of  temperature  on  the 

ultimate  tensile  strength  (Ftu) 
of  solution-treated  and  aged 
Ti-6A1-4V  alloy. 
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FIGURE  5.4.3.2.1(b) . 


Effect  of  temperature  on  the 
tensile  yield  strength  (FCy) 
of  solution-treated  and  aged 
Ti-6A1-4V  alloy. 
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FIGURE  5.4.3.2.2(a).  Effect  of  temperature  on  the  compressive 

yield  strength  (Fcv)  of  solution-treated 
and  aged  Ti-6Al-4V  alloy. 
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FIGURE  5.4.3.2.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (Fgu)  of  solution- 
treated  and  aged  Ti-6A1-4V  alloy. 
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FIGURE  5.4.3.2.3(a).  Effect  of  temperature  on  the  ultimate 

bearing  strength  (Fbru)  of  solution- 
treated  and  aged  Ti-6A1-4V  alloy. 
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FIGURE  5.4.3.2.3(b).  Effect  of  temperature  on  the  bearing 

yield  strength  (Ej,rv)  of  solution- 
treated  and  aged  Ti-6A1-4V  alloy. 
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FIGURE  5. 4. 3. 2. 4.  Effect  of  temperature  on  ;he  tensile  and  compressive 
moduli  (E  and  E  )  of  solution-treated  and  aged 
Ti-6A1~4V  al5oy. 
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FIGURE  5.4.3.2.6(a).  Iypical  tensile  stress-strain  curves  tor  solution- 
creatoent  and  aged  Ti-6AL— *V  allov  (shiet)  at  rooo 
and  elevated  temperatures. 
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tlCVUT.  5.4. 3.2.6(c) .  Typical  cotprcbtlve  cancanc^aodulua  -rcrvo  for  aoluelon- 
crested  and  a"d  T1-4A1-4V  tile/  <iht«t)  at  rooa  and 
elayatrd  caaperaturas . 


Strain,  0001  m/m 
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Stress,  MPo 


MPa 


A=  300  167  I  060  0.33  014  0 

R=  ■  050  -025  0  025  050  075  IDO 


FlUKI.  1\pl»  <1  coin  mt-liU  f;itl>*nr  <t|,i crnn*  for  solut  io:*- treated 

mnl  .ir,c«l  Tl-P'l-MT  alloy  (short)  at  roon  trmprrntmr 


Correlative  Information  for  Figure  5.4.3.2.8(a) 


Product  Form:  Sheet,  1.60  mm  and  3.18  mm  thick 


Properties: 

TUS.  MPa 

TYS.  MPa 

Temp,  K 

1186 

1089 

RT  (Unnotched) 

1241 

— 

RT  (Notched) 

Test  Parameters: 

Loading  *  Axial 

..  1500  to 

Frequency  -  2200  cpm 

Temperature  -  RT 
Atmosphere  -  Air 


Specimen  Details:  Unnotched  Notched.  V -Groove.  K,  =  2.82 

25.4  mm  width  25.4  mm,  gross  width 
23.81  mm,  net  width 
1.588  mm,  hole  diameter 


Kn  =  1.72,  p  =1.803  mm,  where  KN  =  1  + - 

I  + 

Surface  Condition.  Unnotehcd.  As  rolled  surface  but  edges  machined  and  hand  polished  with 
Numbers  1  and  00  grit  emery  paper,  cleaned  with  methyl  ethyl  ketone. 
Notched:  Surface  and  edges  were  prepared  as  above,  1.5875  mm-diameter 
hole  was  drilled  and  reamed. 
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FIGURE  5.4.3.2.8(b). 


Minimum  Stress,  MPo 

Typical  constant'll fc  fatigue  diagram  for  solution-created 
and  aged  T i -6A1  -*\  alloy  (shuct)  at  589  K 
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Correlative  Information  for  Figure  5.4.3.2.8(b) 


Product  Form:  Sheet,  1.60  mm  and  3.18  mm  thick 


Properties: 


TUS.  l'IPa 
910 
938 


TYS.  MPa 

wr 


Temp.  K 

589  (Unnotchcd) 
589  (Notched) 


Test  Parameters: 

Loading  -  Axial 

_  1500  to 

Frequency  -  2200  cpm 

Temperature  -  589  K 
Atmosphere  -  Air 


Specimen  Details:  Unnotched 

25.4  mm  width 


Notched.  Ho'c  type,  Kt  =  2.82 

25.40  mm,  gross  width 
23.81  mm,  net  width 
1.588  mm,  hole  diameter 


Kn  =  1.29,  P  =  22.1  mm,  where  KN  =  1  + 


Surface  Condition:  Unnotched:  As  rolled  surface  but  edges  machined  and  hand  polished  with  Num- 
bers  1  and  00  grit  emery  paper,  cleaned  with  methyl  ethyl  ketone. 

Notched:  Surface  and  edges  were  prepared  as  above,  1.58785  mm-diameter  hol< 
was  drilled  and  reamed. 
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Minimum  Stress,  MPo 


F1CURK  5. *.3. 2. 8(e).  Typical  constant-life  fatigue  diagram  for  solution- 
treated  aged  1 1-6A1 -SV  alloy  (shoe;)  at  700  K 


Correlative  Information  for  Figure  5.4.3.2.8(c) 


Product  Form:  Sheet,  1-60  mm  and  3.18  mm  thick 


Properties:  TUS,  MPa  TYS.  MPa 

853  069 

876  — 

Specimen  Details:  Unnotched 

25.40  Tttm  width 


Temp,  K 
700  (Unnotched) 
700  (Notched) 


Test  Parameters: 

Loading  -  Axial 

r  1500  to 

Frequency  ■ 

2200  cpm 

Temperature  -  700  K 
Atmosphere  -  Air 


Notched,  Hole  type,  Ki  =  2.82 

25.40  inch,  gross  width 
23.81  inch,  net  width 
1.588  inch,  hole  diameter 


Kn  =  1.50,  P  =  5.33  mm,  where  KN  =  1  + 


Surface  Condition.  Unnotched.  As  rolled  surface  but  edges  machined  and  hand  polished  with  Num¬ 
bers  1  and  00  grit  emery  paper,  cleaned  with  methyl  ethyl  ketone. 

Notched:  Surface  and  edges  were  prepared  as  above,  .1.5875  mm-diameter  hole 
was  drilled  and  reamed. 
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5.4.4  Ti-6Al-6V-2Sn 

5.4.4.0  Comments.  — Ti-6AI-6V-2Sn  alloy  is 
similar  to  Ti-6A1-4V  alloy  in  many  respects  but 
has  higher  strength  and  deeper  hardenability  (i.e., 
use  of  thicker  sections  possible).  A  variety  of  mill 
product  forms  arc  available  including  billet,  bar, 
plate,  sheet,  strip,  and  extrusions  and  these  may 
be  used  in  either  the  annealed  or  the  solution- 
treated  and  aged  (STA)  conditions.  The  max¬ 
imum  strength  is  developed  in  the  STA  condition 
in  sections  up  to  about  51  mm  in  thickness. 

Manufacturing  Considerations.  —  To  insure 
optimum  mechanical  properties  in 
Ti-6AI-6V-2Sn  forgings,  at  least  50  percent 
reduction  should  be  done  at  temperatures  below 
the  beta  transus  temperature  (i.e.,  <  1219K).  The 
Ti-6Al-6V-2Sn  is  readily  formable  in  the  an¬ 
nealed  condition.  In  the  sheet  or  plate  forms  the 
alloy  is  generally  used  in  the  annealed  condition, 
although  the  alloy  is  capable  of  heat  treatment  to 
higher  strength  levels  with  some  loss  of  toughness. 
When  the  Ti-6AI-6V-2Sn  sheet  and  plate  is  hot 
formed  at  any  temperature  over  811  K  and  air 
cooled,  the  material  should  be  stabilized  by 
reheating  to  811  K  followed  by  air  cooling. 
Welding  is  not  usually  recommended  although 
limited  weld  joining  operations  are  possible  if  the 
assembly  is  amenable  to  post-weld  thermal  treat¬ 
ments  for  the  restoration  of  ductility  to  the  weld 
and  heat-affected  zones. 

Environmental  Considerations.  —  While  the 
short-time  elevated-temperature  properties  and 
stability  of  Ti-6AI-6V-2Sn  alloy  are  good,  creep 
strength  above  616  Kand  long-term  stability  at 
temperatures  above  700  Kare  not.  The  material 
ages  during  prolonged  exposures  around  700  K 
and  above,  particularly  when  under  stress.  Oxida¬ 
tion  resistance  of  Ti-6Al-6V-2Sn  is  satisfactory  in 
short  term  exposures  to  811  K.  The  material  is 
nearly  equivalent  to  the  Ti-6A!  4Y  alloy  in  terrus 
of  hot-salt  and  aqueous  chloride  solution  stress- 
corrosion  resistance. 


Specifications.  —  Material  specifications  for 
Ti-6Al-6V-2Sn  arc  presented  in  Table  5.4.4.0(a). 


TABLE  5.4.4.0(a).  Material  Specifications  for 
Ti-6Al-6V-2Sn 


Specifications 

Form 

MIL-T-9046 _ 

Sheet,  strip  and  plate 

MIL-T-9047 _ 

Bars 

MIL-T-81556. . . 

Extruded  bars,  rods,  and 

special  shaped  sections 

AMS  4978  . 

Forgings 

Heat  Treatment.  —  This  alloy  is  commonly 
specified  in  either  the  annealed  condition  or  the 
fully  heat-treated  condition.  The  specified  fully 
heat-treated,  or  solution-treated  and  aged  condi¬ 
tion  is  as  follows: 

Solution  treat  at  1158  K  for  1/2  to  1  hour, 
quench  in  water. 

Age  at  811  +  15  K  for  4  to  8  hours,  air  cool. 


Room-Temperature  Properties 


Room-temperature  mechanical  and  physical 
properties  for  Ti-6Al-6V-2Sn  are  presented  in 
Tables  5.4.4.0(b)  through  (e).  The  effect  of  tem¬ 
perature  on  physical  properties  is  shown  in  Figure 
5. 4. 4.0. 

5.4.4. 1  Annealed  Condition  —  Effect  of  tem¬ 
perature  curves  for  annealed  condition  are  shown 
in  Figures  5.4.4.1.1(a)  through  5.4.4.1.3(b). 
Typical  stress-strain  curves  for  this  condition  arc 
presented  in  Figures  5.4.4.1.6(a)  through  (c). 

5.4. 4. 2  Solution-Treated  and  Aged  Condition.  — 
Effect  of  temperature  curves  for  this  condition 
are  presented  in  Figures  5.4.4.2.1(a)  and  (b). 


ECIFICA 

RM . 

ION 
ESS 


KIL-T-9046,  TYPE  III,  COMP.  E 


SHEET,  STRIP  AND  PLATE 


<4.76 


4.77- 

5  0.81 


<4.76 


agEB  ~ 


63.52- 

101.60 


MECHANICAL  PROPERTIES! 


FSU,  HPA. .  .  . 
F8RU,  HPA  t 
<E/G=1.5> 
( E/0=2. 0) 
F8RY ,  MPAi 
( E/0= 1.5) 
(E/0=2.0) 
EL,  PERCENT! 

L . 

LT . 

E,  G PA . 


G,  G  PA 


PHYSICAL  PROPERTIES! 

OMEGA,  HG/H3 . 

4.54 

C,  J/  (G*<) . 

SEE  FIGURE  5. 4. 4.0 

Kf  W/(M*K) . 

SEE  FIGURE  5. 4. 4.0 

ALPHA,  10-6  M/(H»K) . . 

SEE  FIGURE  5. 4. 4.0 

THE  A  VALUES  ARE  HIGHER  THAN  THE  SPECIFICATION  VALUES  AS  FOL.OH3I  FTYtL) 
!£PA,  FTran  =  1027  HP  A,  EL(LT;  =  9  PEPC£NT. 

LONGITUDINAL  >  0.635  THIC<  =  10 
LONG  TRANSVERSE  >  0.6^5  THICK  *  8 
LONGITUGINAL  <  0.635  THICK  =  8 
LONC  TRANSVERSE  <  0.635  THICK  =  6. 


• — a  >.v 


TABLE  5.4.4.0(D).  oesign  mechanical  ano  physical  properties  of 
T1-6AL-6V-2SN  (FORGINGS) 


SPECIFICATION , 

FORM . 

CONOITI ON . 


AHS  4975 


FORGINGS 


ANNE A  LEO 


THICKNESS,  MM . 

S50 .81 

50.8  2- 

i  Qi ,  60 

BASIS..  . . 

S 

S 

’  •  ^  ^  “ 

MECHANICAL  PROPERTIES: 

FT J ,  MPA: 

L . 

10  30 

10  00 

T . 

1030 

1000 

FTY,  MPA: 

L . 

9  65 

931 

T . . . 

9  65 

931 

FCY,  MPA  1 

L . 

•  •  m 

•  •  • 

T . 

•  •  • 

•  •  • 

FSU,  MPA . 

•  •  • 

•  •  • 

FBRU,  MPA: 

( E/0=1. 5) . 

•  •  • 

•  •  • 

( E/0=2. 0 ) . 

•  •  • 

•  •  • 

F8RY  ,  MPA! 

(  E/0=1. 5) . 

•  •  • 

( E/0  =  2. 0  ) . 

. .. 

•  •  • 

EL,  PERCENT: 

L . 

10 

10 

T . 

8 

8 

E,  G  PA . 

117. 

2 

EC,  GPA . 

120. 

7 

G,  GPA . 

44. 

8 

MU . 

0.32 

PHYSICAL  PROPERTIES: 

•  •  •  - • 

OMEGA,  MG/M3 . 

4. 

54 

C,  J / (G*< ) . 

SEE  FIGURE  5. A. 4.0 

K,  H/(H*K) . .. 

7 

ALPHA,  10-6  M/ (M»KI .  . 

SEE  FIGURE  5. 4. 4.0 

TA8LE  5.4.  4.0(E) 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OP 
TI-6 A1-6V -2SN  (EXTRUSIONS) 


SPECIFICATION. 

FORM . 

CONOITI ON . 

THICKNESS,  MM. 


BASIS. 


_ MIL-T-81556,  TYPE  III,  COHd.  C _ 

EX ' RJOED  BATS,  RODS,  ANC~SPECIAl  SHADED  SECTIONS 

_ ANNEALE  D  ~ _ J_SQJ.UTIOnTT.RE  ATE  Q~ANO  "  A  G  ED _ 

<50.81  1” 50 . 82—  !<  1 2 .  7  0  12.71-  38.11-  6T.51- 

.  _  Il01.60j _ 1  38.10  Ul. 50  1101.60 

A  '  B  I  S  I  S  ;  S  s  s 


MECHANICAL  PROPERTIES! 
FTU,  MPA! 

L . 

LT . 

FTY  ,  MPA  l 

L . . 

LT . . 

FCY ,  MPA: 

L . . 


I  839 
i  883 


FSU,  MPA . 

F8RU  , HP A ! 

(E/0=1. 5) . . 

<E/O=2.0) . 

FBRYa,  MPA! 

(  E/0=1 • 5) . 

( E/0=2. 0 ) . 

EL,  PERCENT! 

L . . . . 

LT . 

E,  GPA . 

EC,  GPA . 

G,  GPA . 

MU . 


.  |  1350 
.  ;  1570 


1020  1  000  1170  '  1140  j 1100 

1020  ...  ...  • . .  ... 

I 

931  931  1100  J  1070  1030 

917  ...  ...  I  ...  ... 


3  ,  ...  ... 

6  69  ...  ... 

1580  ...  ... 

19 A0  I  ...  ... 


1620  i  ...  i  ...  j 
I  I  ! 


117.2 
120.7 
*4.  6 
0.32 


I  ...  ;  ... 

I  I 


PHYSICAL  PROPERTIES! 

OMEGA,  "G/H3 . . 

C,  J / (G*K) . . 

K,  K/ CH*K) . 

ALPHA,  10-6  M/  (M*<) . 


4 . 54 

SEE  FIGURE  5. A. 4.0 
SEE  FIGURE  5. 4. 4.0 
SEE  FIGURE  5. 4. 4.0 


a  BEA RING  VALUES  ARE  ORY  °IN  VALUES  PER  SECTION  1.4. 7.1. 


C,  J/(g  K) 


Percent  F.  at  Room  Temperature 
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Temperature,  K 


FIGURE  5. 4. A.] .1(a) . 


Effect  of  temperature  on  thc- 
ultimate  tensile  strength 
(Ftu)  of  annealed  Ti-6A1-6V- 
2Sn  extrusions. 

5-101 


s-  w 


■  ■■■■■■■■•  ■  ■■««■■•«■■■  n  ■  a  ■■  i  ■■■«  •  liMMaaaaaiiiaaaaM 

■iiiaaaiiaiiaiMiaaSiaailiBiaaiaaiaiamiVSSHISNiBBMimsmBNSSNWNHMMi 

■■bbbbbbbbibbbbiiib,b  bbbbb  bibbb  ■■■■■■■■■■ ■■BBiBBBBBBBBaiBBiflBiaaiiBBBBiBBBiBBBaBB 

■  BSBBBBBBBBBBBBBBIBB  BBBBIBlRfla BBBBBBBBaB IBBBBBBBBB BBBBBBBBIB BBBBIBBBBB BBBBBBBBBB 
iBBBaaBBBBBRtiBBaaaiiBBBBBBRaBlia  ■■■■■■  bibb  a  uiAaaM|uj|AiuaM|AiUi|AA|iUJUUgE  bibb 

IliiiBiBBaiBiBifliBia5aiaBiBBaBBtnaiBBiBiaaf31WPIVnMS^WPIMVIP|;>aii 
aBBaBBaaaBaaiaaaaBBiaiaaBiaaB«iiB»aiaai«a|gHjftmwl|MBMl|]^|tilllCT|a»BB 
■  BaBBBaaBB bbbbbbbbbbbbbbbbibbi  BaBBBBaBiiaMIMiyiiMBliliulliyAAaaaB 

■  ■aBBBBflBBlIBBBaBIBBaiBBBRafeBI  B*BBaBI«IB>l|7f"f!nff^Wff"V1"M7f^^V"BBI 
iiBBaiaaiaaaaaBaiiBaaiaaiiBaiiaaaKBBBiBBilsJUMlllWiail^^ll^HBiBa 
■  BIBBiaBBBIIBBBtBliaBIIBBIiaillUBinBlIflU||BiMiflAAlHWI^V|ll» 


BBBB1BBBBI BBBBB ■■■■■■ BIBB ■■■■■■■■BIB 
BBBaBBBBBBBBBBBBBBBBBBBBBBBBBlBiBB|B 
RBBBiaaiBBBBRiaBiaiiBBaanaaiBBBaBSB 


g  140 


| 

I  100 


CL  60 


I  BBBBBBB BBBBBB BaBBBBBBBBBBBBBBI  BBB BBBBBBB BBBBBBB BBB BBBBBBBIBBB BBBBBBBBB BBBBBBBBBBB 
laaBBBBlBBBlBBRfl BBBBBBBUBBBBBI ■BaBBBBaBBRBBBBBBBBaaaBaBBBJBBaBBaiBBBBflBBBBBRBRBBl 
I  BBBBB BBBBB JbBBBBBIBB BBBBB IBBBI BBBBBBBBBB BBBBBBBBBB BBBBBBBBIB BBBBt BBBBBBBBBB BBBBBH 
I  ■■■■■■■■■■■■•■»■■■■■ BBBBBBB8BI  BBBBBBBBBB BBBBBBBaBBBBBaBBBBBBBBBBBBBBBBBBBBBBAMafl 
I  IBBBBBBBBB BB BBBBBBB BBBBBBBBBB I IBBBBBBBBB IBBBBBBBBB BIBBBBBIIBBBBBBBSBIBBBBBIB^^^^H 
I  ■bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbsbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbH 

llBBBBBBBBBBBBBBBBBBBBBKBBBBBBl  IB  BBBBBBBB  BBBBBBBBBB  BBBBBBB  BBBBBBBBBBBBBBBB|»iBBBBal 
I  BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBal 

■  BBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  IBBBBBBBBB BBBBBBBBBBBBBBIBBIBBBBIBBBBBIBBBBBBBBBIBfl 
BBBBBBBBBB BBBBBBBBBBBBBBBBBBBI BBBBBBBBBB BBBBBBBBBB BBBBaBaBBBBBBBBBBBBBBBBBBBBBBBB 
IBBBBBBBBB BBBBBBBBBB BBBBBIBBBI BBBBBBBBBB BBBBBBBBBB BBBBBBB BIB BBBBBBBBBB BBBBBBBBBB 
IBBBB88BBBBBBBBBBIBB BBBBBBBBBB  BBBBBBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

I BBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBB BBBBBBB BBBBBBBBBB BBBBBBBBB I BBBBBBBBBB BBBBBBBBBB ! 

•  BBBBBBBBB BBBBBBBBBB BaBBBBBBBI  PBBBJIBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBBIBBBBBBBBBBB 
IBBBBBBBBB I BBBBBBBBB BBBBBBBBBB  BBBBBBBBBB BBBBBB BBBBBBBBB BBRBB BBBBBBBBBB BBBBBBB BBB| 
IBBBBBBBBBBBBBBBBBBBBBBBBBBBBl BBBBBBBBBB BB BBBBBBBBB BBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
■BB BBBBBBB BBBBBBBBBB BBBBBBBBB! BBBBBB BBBBBB BIBB BBBBBBBBBB 8 IBB BBBBBBBBBB BBBBB BBBBB 
J BBBBBBB BBBBBBB BBB BBBBBBB BBB 81 BBBBBBBBBB BBBBBBBBB 8 BBaaBBBaBfl BBBBBBBBBB BBBBBBBBBB 
BBBBBBBaBBIBBBBBBBBBBBBBBBBBBBJIBBBBBBBBBBBBBaBBBBaBBBBaBBBBBaBBBBBBBBBBBBRBBBBBfl 
• BBBB ■■■■■■ BBBB BBBBB BBBBB ■■■■! BBBBBBBBBB BaaBBBBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB 
IBBBBBBBBB BBBBBBBBBBBBBBBBiBBI BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
I  BBBBBBBBB  BBBBBBBBBiJBBBBBBBBBI  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB 
I ••■■••■•BBBBBBBBBBB  BBBBBBBBB! BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB  BBBBBBBBBB BBBBBBBBBB 
•BBB BBBBBBBBB BBBBBBB ^BBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
IBBBBBBBBB BBBBBBBBBB BABBBBBBBI BBBBBBBBiBRBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
•BBBBBBBBB  BBBBBBBBBB  BB.^BBBBBBi  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
•BBBBBBBBB  BBBBBBBBBB  BBB.'BBBBBI  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB 

•  BBBBBBBBB  BBBBBBB  BBB  BBBB.'BBBBB  BBBBBBBBBB  I  BBBBBBB  BBBBBBBBB  BBJIB  8  BBB  BBB  BBB  BBBBBBBBB 
BBBBBBBBaaBBBBBBBBBBBBBBB^BBBB  BBBBBBBBBB  BBBBBBBBBB aMBBBBBBBBBBBBBEBBBOMBBBBBBB 
BBBBBBBBBB  B8BB  8  BBBaBBBBBBBt'BBI  BBB  BBBBBBB  BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB  BBBBBBBBBB 
IBBBBBBBBB ■■■■■■■BBBBBBBBBB wBI BBBBBBBBBB BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB 
•BBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBji  BBBBBBBBBB BBBBBBBBBB 
iaMBaMiaaaaaByaiMaaiiBBaaB>  BaBaaaaBaaBaaaaaBaBBBBaaBBBVBBBBBBBBBBBaBsaaaaaBBa 
BaaaaBaaaBBaaaaiaaBa 8888888881 k^BBBBBaaiaRBaBBBBaBBaBaaaaBBaaasaaaBBRsaaaHaaaaaaa 
BBBBBBBBBB  BBBBBBBBBB BBBBBaaBBB  Bk>BBBMBBBBBa«BBBBaaBBBajlBBMBBBBBBB8aB8BBBBBBBBaB 
•BBBBBBBBB BBBBBBBBBBBBBBBBBBBI IB8A8BBB §■■■■■■ BBBBBBIBBB BBBBB BBBBaaRBBB BBBBBBBBBB 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB  BBBB.'BBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
•BBBBBBBBB  BBBBBaBaBaBBBBBBBBBIBBBBa^'BBBBBB  BBB  BBBBBBBBBBaBBBBBBBBBBBI.BB  BBBBBBBBBB 

•  BBBBBBBBB  BBB  BBBBBBB  BBB  BBBBBBB  BBBBBBk'BBB  BBBBBBBBB  BBB  8  BBBBBBB  BBBBBBBBBB  BBBBBBB  BBB 
B— BBBBBBB BBBBB BBBBB BBBBBB BBB I  BBBBBBB  I  TB  BBBB  IBBJHIB  BBBBBBBBBB  BBBBBBIBBB  BBBBB  BBBBB 
•8BBBBBB8BBBBBaB8gBgS116iiBBTl¥iBBBBBBBBrBaBBBBiiBBBBlBBaaH»SBBiniBBaBBBaBBB8aB8aaB 
UBBBBBBBB  IBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB  k.'IBBBBBBBB  BBBBB  BBBBB  BBBBB  BBBBB  BBBBBBBBBB 
8 BBB BBBBBB BBBBBBBBB 8 BBB BBBBBBB  BBBBBBBBBB Bk 'BB 8 BBBBBBB BBBBBBB 888888818 BBBBBB BBBBB 

■  B BBBBBB BBBBBB BBBBB BBBBBBBBBBB  BBB BBBBBBB SBBk  BBBBBB BBBBB BBBBB BBBBB BBBBB BBBBBBBBBB 
IBBBBBBBBB  IBBBBIB8BB8B8BB  BBBBB  I88BBBBBIB BBBBw ABBB 8 ■■■■■■■■■■ BBBBB BBBBB BBBBBBBBBB 
RBBaBBBBaBBBaBBBBBBBBBB8BBaBBBB8B8BBBBBBBBBBBBk.AaB  BBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBB 
BBBBBBBBBB  BBBBBBBBBBBBBBBBBBBI  BBBBB  BBBBBBBBBB  BBBBBBBBBBB  BBB  BBBB8KBBB  BBBBBBBBBB  | 
IBBBBBBBBB  IBBBBBBB8BBBBBBBB8BB 1888888888  BBBBBBBBBB  ■><',*8BBB8BBBWUUIBMBB  BBBBBBBBBB  ‘ 

•  BBBB  BB  B  BB  IBBB  81  BBBBBBBBB  BBBBB  B8BBBBBB  BBB  BBB  BBBBBBllBBirW*kMM-.-7^*|Ba  BBB  BBB  BBBBBBBBB 
IBBBBBBBBBBBBBBBBBBB BBBBBBBBBB IBBBBBBBBB BBB BBBBBBB BBBB8BBBBaBBBwJ**BiBBBBBBfiaBBBB 
BBBBBBBBBB BBBBB BBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBB BtavBB BBBBBBBBBB 
•BBBBBBBBB BBBBBBBBBB BBBBBBBBBlIBBBBBBBBBBaaa BBBBBB BBBBB BBBBB BBBBBlIBIhvBBaBBBaBBB 
•BBBBBBBBBBBMBaBBaBBBBBBBBaBI  BBBBBBBBBB BBBBBaBBBBflBBBBMBaaBBBaBBBBBBBBBflBaBBSB 
■8 8 BBBBBBB I BBB B BBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB BBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBB 
BBBBBBBBBB BBBBBB1IBI BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 888888818888888818811  BBBBBBBBBB 
II B BIBB I BB IBB B BBB BBB BBBBBBBBB I BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBB88BBB8B BBBBBBBBBB BBBBBBBBaa  BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBB BBBBB BBBBB BBBBBBBBBB 18888881888818888188818888888818888888118888881811 
BBBBBBB BBB I BBBBB BBBBBBB BBBBBB 1 18888881188888888188  BBBBBBBBBB  BBBBB BBBBB BBBBBBBBBB 
8 BBBBBBBBB BBBBBBBBBB BBBBITBBBBI IBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBB BBBBB 
I BBBBB BBB BIBB BBBBBBB BBBBB BBBBB IBBBBBBBBB  BBBBBBBaaB  BBBBBBBBBB  BBBBBBIBBB  BBBBBBBBBB 
BBBBBBBBBBBBBBBIBBBB BBBBBBBBBB IBBBBBBBBB BBB BBBBBBB BBBBB BBBBB BBBBB BBBBB 1118888888 
BBBBBBBB1I8 BBBBBBBBBB BBBBBBBBBB BBBBBBBBBa BBBBBBBBBB BBBBBBBBBB BBBBBBBBaB BBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBaaBBBBMBRBBBBBBBBBBBaBBBSBBBaaBBBBBaBBaBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBaBBBkBBBBBaiaB 1811888881 
BBBBBBBBBBBBBBBIBBBB  BBBBB  BBBBB  IBBBBBBBBB  BBBBBBBBBB  BBBBB  B8BBBIBBBBBBBB8B8BBB,BBB8B 
BBBBBBBBBBBBBBBBBBBB BBBBBBBBB! BBBBBBBBBB BBBaBBBBBBBBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB  BBBBBBBBBB BBBBBBBBBB BIBBBBBBBa BBBBBBBBBB BBBBBBBBBB 
BBBBBBBBBBBBBBaBBBBB BBB BBBBBBB BBBBB ■BBBBBBBBBBBIBB ■■■■■BBBBB  BBBBB BBBBB BBBBBBBBBB 
BBBBBBBBBB IBBBBIBBB B BBBBBBBBBI IBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB 
BBB B BBBBBB B BBB BBB 8 BBBBB B BBB BBB ■■■■■BBBBB BBBBBBBBBB B888B BBBBB ■BBBBBBBBBBBBBBBBBBBI 
■BBBBIBB 8 BBBBBBIBBB BBBBB BBBBB I IBBBBBBBBBBBB88B BBBBBBBBB BBBBB BBB I BBBBBB BBBBB BBBBB] 

■  ■■•BBBBBB  BBBBB  BBBBB  BBBBBBBBBB  ■BBBaaBBBBBBBBBaaBBaBBBBBBBBBBBBBBaBBBBBBBBBBaaaBal 

■  BBBBBBBBB  BBBBBIBIBBBBBBBBB8BI  IBB  BBBBBBB  BBBBBBBBBB  aBBBBBBBBBBBBaBBBBBBBBBBBmWI 

B^H^^^^MBBBIBBBB  BBBBBBBBaB  IBBBBBBBBB ■■■■■■■■■■■■■■■■■■■■ ■■■■■■!■■■ ■■■■■*■■■■ 
■UBBIIIIBIBBIBIIIBI  laBIBBIIiaiBBBIBailBBIBBBBBIBBBBBBBflllBBIBBBBBBBBB 
HbbBBIBIBBBBBBIBIBBI  I8BBB  BBBBB  BBBBBBIBBB  BBBBBBBBBB  BBBiaBBBBB  BBBBBBBBBB 
HBBBBIBIBBBBIBMaiBBIIIlIBBBBIBBBIBBBBIBBBIBBBBlIBBBBBBBBBaBBIBlBBBBBBB 
HBIBBIBIB8IBBIIB8B8HBBIBB8liaiBI8fBBRaaBI8BBBBIBBB8aapailBBIB8BBBBBBB 

I:::  .;:::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
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Temperature,  K 


FIGURE  5.4.4.1.1(b) . 


Effect  of  temperature  on  the 
tensile  yield  strength  (Fty) 
of  annealed  Ti-6Al-6V-2Sn 
extrusions. 
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Percent  Frw  at  Room  Temperature 


200 


Temperature,  K 

FIGURE  5. 4. 4.1. 2(a) .  Effect  of  temperature  on  the 

compressive  yield  strength 
(FCy)  of  annealed  Ti-6A1-6V- 
2Sn  extrusions. 
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FIGURE  5.4.4.1.2(b).  Effect  of  temperature  on  the 

ultimate  shear  strength  (FSu) 
of  annealed  Ti-6Al-6V-2Sn 
extrusions. 
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FIGURE  5.4.4.1.3(a) 


.Effect  of  temperature  or.  the 
ultimate  bearing  strength 
(»Tbru)  of  annealed  Ti-6A1- 
6V-2Sn  extrusions. 
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Temperature,  K 

FIGURE  5.4.4.1.3(b) .  Effect  of  temperature  on  the 

bearing  yield  strength  (Fj,rv) 
of  annealed  Ti-6Al-6V-2Sn 
extrusions. 
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Specifications. — Material  specifications  for 
Ti-7AI-4Mo  are  presented  in  Table  5.4.5.0(a). 


5.4.5  Ti-7AI-4Mu 

5. 4. 5.0  Comments. — Ti-7AI-4Mo  was 
developed  principally  as  a  forging  alloy,  although 
plate  and  extrusions  have  been  used  on  a  limited 
basis.  The  alloy  is  age  hardcnablc  to  high  strength 
levels  although  it  also  may  be  used  in  the  lower 
strength  but  more  ductile  and  tough  annealed 
condition. 

Manufacturing  Considerations. — Elevated 
temperature  forging,  rolling,  and  extrusion 
operations  are  used  to  form  part  blanks  from 
Ti-7Al-4Mo  alloy.  Forging  is  usually  ac¬ 
complished  by  finishing  below  1278  K while  ex¬ 
trusions  are  usually  produced  from  above  this 
temperature  Almost  without  exception,  parts  are 
finished  by  relief  annealing.  Although  the 
material  is  generally  considered  non-weldable, 
pressure  welding  (e.g.,  hemisphere  to  hemisphere 
joining)  has  been  utilized  successfully. 

Environmental  Considerations. — Ti-7Al-4Mo 
alloy  is  stable  to  at  least  728  K  if  the  annealing 
treatment  includes  sufficient  annealing  time  and 
slow  cooling  to  the  stabilization  temperature  or  if 
the  aging  treatment  selected  is  just  above  the  pro¬ 
posed  service  temperature.  The  material  exhibits 
good  oxidation  resistance.  Resistance  to  both  hot- 
salt  and  aqueous  chloride  solution  stress  corro- 
s'.cn  is  marginal. 


Table  5.4.5.0(a).  Material  Specifications  for 
Tt-7Al-4Mo 


Specification 

Form 

M1L-T-9047 

Bars 

M1L-T-81556 

Extruded  bars,  rods, 

and  special  shaped 

sections 

Heat  Treatment. — The  recommended  anneal¬ 
ing  treatment  for  the  Ti-7Al-4Mo  alloy  is  1  hour 
at  1061K,  furnace  cool  to  about  839  K,  then  air 
cool  to  room  temperature.  Solution  heat  treat¬ 
ment  times  between  1/2  to  1-1/2  hours  at  tem¬ 
peratures  between  1186  and  1242  are  recom¬ 
mended.  The  solution  treatment  is  terminated  by 
water  quenching  and  is  followed  by  aging  at  tem¬ 
peratures  between  783  and  922  K  for  times  from 
2  to  8  hours  (terminated  by  air  cooling). 

Room-temperature  mechanical  and  physical 
properties  for  Ti-7Al-4Mo  are  presented  in  Ta¬ 
bles  5.4.5.0(b)  and  (c).  The  effect  of  temperature 
on  physical  properties  is  shown  in  Figure  5.4. 5.0. 
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FIGURE  5. 4. 5.0.  Effect  of  teoperature  on  the  physical 
properties  of  Ti-/Al-4l'j  alloy. 


TABLE  5.L.5.0(a) 


OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
TWAL-4HC  (BARS) 


I 


SPECIFICATION . 

MIL-T-9047,  COMP.  9 

FORM . 

BARS 

CONOITI ON . 

ANNEALEO 

SOLUTICN-T°EATED 

_ 

ANQ  AGED 

THICKNESS,  HH . . . 

S-5  0.  S  I*1 

2  5.41- 

50.82- 

76.20 

101.60 

BASIS . 

S 

S 

S 

S 

S 

HECHANICAL  PROPERTIES: 

FTU,  MPA  1 

L . . 

1303 

965 

110  0 

1030 

LT . . 

1303 

9  65 

117  0 

1100 

1030 

ST . 

4  4  4 

9  65 

4  4  4 

4  4  4 

1030 

FTY,  MPA! 

L . 

931 

896 

ramt 

1030 

965 

LT . 

931 

696 

Wm 

1030 

965 

ST . 

4  4  4 

8  96 

4  4  4 

4  4  4 

965 

FCY,  HPA : 

L . 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

LT . 

«;T,  tf  ..  . , . t  .  . 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

FSU ,  MPA . 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

FBRU,  HPAi 

(  £/  0=  1  •  5  )  *  •  4  4  444  4  4 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

<E/0=2. 0) . 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

F6RY ,  MPA 1 

( E/0= 1#5)444444444 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

l E/D“? • 0) 444444444 

4  4  4 

4  4  4 

4  4  4 

4  4  4 

EL,  PERCENT! 

L . 

10 

10 

8 

6 

8 

LT . 

10 

10 

8 

8 

8 

ST . 

4  4  4 

10 

4  4  4 

4  4  4 

6 

E,  G  PA . 

ill 

rr 

lToT5~ 

EC,  G  PA . 

111 

.7 

116.5 

G,  GPA . 

42 

.1 

44.  l 

ml- . 

0 

32 

0.  32 

PHYSICAL  PROPERTIES! 

omega,  hg/m3 . 

4.48 

C,  J /  (G*<) . 

SEE  FIGURE  5. 

4.5.0 

K,  W/ (H»K> ........... 

SEE  FIGURE  5. 

4.5.0 

alpha,  io-&  n/(m*k>.. 

SEt 

"IGURE  5. 

4.5.0 

SHAX I  HUM  OF  64.5  SQ  CM  CROSS-SECTIONAL  AREA. 


i 
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TA8LE  5.4. 5.0  (C) 


design  helhanical  and  physical  properties  of 

TI-7AL-4HO  (EXTRUSIONS) 


SPECIeI  1/ ATION. 

FORM . 

CONOITION. 


MIL -T-8155S,  TYPE  III.  COMP.  0 


EXTRJDED  BARS.  KQOS,  aNO  S°ECIAL  SHAPED  SECTIONS 


ANNEALED 


ALPHA,  10-6  M/(N*K) 


THICKNESS,  KM . . 

<50.31  . 

50.82- 

12.  71 

12.  72- 

25.41- 

50".  81- 

63T5r- 

1 

101.60  l 

25.40  ; 

5D.80 

63.50 

101. 60 

BASIS . 

s  | 

S 

S 

S 

S 

S 

S 

MECHANICAL  PROPERTIES! 

FTU,  MPA! 

I 

i  \ 

L . . . 

965 

1100 

1000 

965 

LT . 

•  •  • 

*  *  *  I 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

FTY,  MPA! 

i 

1 

L . ! 

931 

696  , 

1100 

1030 

9  65 

931 

696 

LT . 

i  •  •  * 

*  *  *  ( 

«  •  • 

•  •  • 

•  m  • 

•  •  • 

•  •  • 

FCY,  MpA  t 

| 

L . 

•  •  » 

•  •  •  J 

•  •  * 

•  •  • 

•  4  • 

•  •  • 

•  «  • 

LT . 

* ..  ; 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

FSU,  MPA..... . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

FBRU,  MPA! 

( E/0=1. 5) . 

’  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

(E/0=2. 0) . 

•  •  •  | 

• ..  ! 

!  ...  ) 

•  *  • 

•  •  * 

•  •  • 

•  •  • 

FBRY ,  HPAt 

j 

( E/0=1. 5) . 

•  9# 

1  i 

(  *  *  *  I 

•  •  • 

•  ♦  * 

•  •  • 

•  •  • 

.  *  *  • 

( E/0=2 . 0) . 

1 

1  *  •  • 

j  •  ••  j 

•  •  • 

•  t  • 

•  •  • 

•  ♦  • 

•  •  • 

EL,  PERCENT  1 

1 

!  ! 

i 

L . 

1  13 

6 

6 

6 

6 

;  6 

LT . 

1  ••• 

•  •  « 

•  •  • 

•  •  • 

•  *  • 

a. _ •  ■  ■ 

E,  GPA . 

111.7 

116 

.5 

EC,  GDA . . . . 

i 

111.  7 

116 

.5 

G,  GPA . 

42.1 

44 

.1 

HU . . . 

0.32 

0 

.32 

PHYSICAL  PROPERTIES! 

i  • 
l 

OMEGA,  HG/M3 . 

1 

4. 48 

C,  J/  (G*K) . . . 

i 

SFF 

PTrtllRF  ■>. 

.4.5.0 

K,  . «. . 

i 

SEE 

FIGURE  5 

.4.5.0 

SOLUTION  treated  ano  agec 


SEE  PICURE  5. 4. 5.0 


5.5  Bela  Titanium  Alloys 

Tiie  beta  titanium  alloys  arc  essentially  single- 
phase  beta  at  room  temperature  because  of  the 
predominance  of  beta-stabilizing  elements  such  as 
chromium,  iron,  molybdenum,  and  vanadium. 
They  are  capable  of  being  age  hardened  to  high 
strength  levels.  These  alloys  will  probably  be 
selected  for  use  in  the  annealed  condition  where 
good  lormabiiity.  moderate  strength,  and  high 
fracture  toughness  arc  required:  or  in  the  aged 
condition  where  high  strength  up  to  561  K is  re¬ 
quired  and  lower  fracture  toughness  can  be 
tolerated. 

5.5.1  Ti-13V-llCr*3Al 

5  5.1.0  Comments. — Ti- 1 3 V- 1 1  Cr-3AI  is  a 
heat-treatable  alloy  possessing  good  workability 
and  toughness  in  the  annealed  condition  and  high 
strength  in.  the  heat-treated  condition.  It  is  noted 
for  its  exceptional  ability  to  harden  in  heavy  sec¬ 
tions  (up  iol50  mmdiameter  or  greater)  at  inter¬ 
mediate  strength  levels  (around)1170  MPa  F,„). 

Manufacturing  Considerations. — This  alloy 
possesses  very  good  formability  at  room  tem¬ 
perature:  stretch  forming  is  usually  conducted  at 
500  F.  Ti-13V-l  lCr-3Al  is  readily  fusion  or  spot 
welded  Arc-welded  joints  are  very  ductile  in  the 
as-v, elded  condition,  but  have  low  strengths. 

Environment."',  Considerations.  — 
Ti- 1 3 V- 1  ICr  3AI  is  stable  for  times  no  to  1000 
hours  in  the  annealed  condition  at  561  Kami  in 
the  solution  treated  and  aged  condition  up  to  589 
K  Prolonged  exposure  above  these  temperatures 
may  result  in  ductility  losses.  If  welding  is 
employed,  the  stability  of  the  weld  should  be  in¬ 
vestigated  under  the  particular  exposure  condi¬ 
tions  to  be  encountered.  While  the  material  is  not 
noted  for  good  creep  performance. 
Ti- 1 3 V- 1 1  Cr- 3 A1  has  exceptional  short-time 
strength  at  temperatures  to  922  K  and  above. 
Oxidation  resistance  is  satisfactory  at  such  tem¬ 
peratures  for  short-time  exposure  and  for  long¬ 
time  exposure  at  the  lower  elevated  temperatures. 
Hot-salt  stress  corrosion  has  been  shown  to  be 
possible  in  this  beta  alloy  at  temperatures  as  low 
as533  Kb:  highly  stressed  applications  (c.g..  rivet 
heads)  It  is  generally  thought  that  the  material  is 
moderately  susceptible  to  aqueous  chloride  solu¬ 
tion  stress  corrosion  Ti-l3V-l  lCr-3AI  is  not 
noted  for  good  fracture  toughness  in  the  aged  or 
high-strength  condition  and  is  not  recommended 


in  any  condition  for  cryogenic  temperature 
applications. 

Specifications. — Material  specifications  for 
Ti- 1  3 V- 1  I CT-3AI  arc  presented  in  Table 
5.5.1.0(a). 

TABLE  5.5.1.0(a).  Material  Specifications  For 
Tt-i}V-HCr-3Al 

_ Specification _ Form _ 

MIL-T-9046  Sheet,  strip,  and  plate 

MlL-T-9047 _  Bars _ 

Heat-Treatment. — This  alloy  is  commonly 
specified  in  either  the  annealed  condition  or  in 
the  fully  heat-treated  condition.  The  specified 
fully  heat-treated,  or  solution-treated  and  aged, 
condition  is  as  follows: 

Solution  treat  at  1061  Kl'or  15  to  60  minutes, 
air  cool  (water  quench  if  material  is  over  51  mm 
thick). 

Age  at  755  K  for  2  to  60  hours  dependent  on 
strength  level.  (Note:  typical  aging  time  to 
achieve  F,u  =  1170  MPa  is  24  to  36  hours.) 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  for  Ti- 13  V- 1  lCr-3AI  are  shown  inTa- 
blc  5.5  1 .0(b).  The  effect  of  temperature  on  physi¬ 
cal  properties  is  shown  in  Figure  5.5. 1.0. 

5.5. 1.1  Annealed  Condition. — Effect  of  tem¬ 
perature  curves  for  annealed  Ti- 1 3 V- 1  lCr-3AI 
arc  presented  in  Figures  5.5.1.1.1(a)  through 
5.5. 1.1. 4. 

Typical  tensile  stress-strain  curves  for  annealed 
material  at  temperatures  ranging  from  room  tem¬ 
perature  to  811  K  are  shown  in  Figure  5. 5. 1.1.6. 

Unnotched  and  notched  fatigue  data  at  room 
and  elevated  temperatures  for  annealed  sheet  arc 
shown  in  the  constant -life  fatigue  diagrams  of 
Figures  5.5.1.1.8(a)  through  (c). 

5. 5. 1.2  Solution-Treated  and  Aged  Condition. — 
Effect  of  temperature  curves  for  solution-treated 
and  aged  Ti- 1 3  V- 1  ICr-3A!  are  presented  in 
Figures  5.5.1.2.1(a)  through  5.5.2. 1.4. 

Typical  tensile  strew  strain  curves  at  various 
temperatures  are  shown  in  Figure  5.5. 1.2.6. 

Unnotchcd  and  notched  fatigue  data  at  room 
and  elevated  temperatures  for  solution-treated 
and  aged  sheet  arc  shown  in  the  constant-life 
fatigue  diagrams  of  Figures  5.5.1.2.8(a)  through 
(c). 
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TABLE  5.5.1.0(81.  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
TI-13V-11CR-3AL 


SPECIFICATION . 

MIL-T-90468  TYPE  IV.  COHP.  A 

MIL-T-9047,  COMP. 

•  ^ 

12 

. . 

SHEET 

,  STRIP 

AHO  PLATE 

BARS 

CONDITION . . 

ANNEALED 

SOLUTION 

TREAT 

AND  A  GFO 

AND 

AGED 

THICKNESS.  HM . 

<1.27 

1.27- 

<101.63 

£76.20b 

<50.61 

53.62 

1101. 60 

* 

BASIS . . . 

:> 

S 

S 

S 

S 

S 

HECHANICAL  PROPERTIES J 

i 

FTU.  MPA  t 

L . 

910 

8  62 

1170 

662 

1170 

1170 

LT . 

910 

6  62 

1170 

862 

1170 

1170 

ST . . . 
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Temperature,  K 


FIGURE  5. 5. 1.0.  Effect  of  temperature  on  the  physical 
properties  of  Ti-13V-llCr-3Al  alloy. 
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FIGURE  5.5.1.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile  strength 

(F  )  of  annealed  Ti-13V~llCr- 3A1  alloy  (sheet). 
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FIGURE  5.5.1.1.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F  )  of  annealed  Ti-13V-llCr-3Al  alloy  (sheet)  . 
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5.5.1.1.2(a).  Effect  of  temperature  on  the  compressive  yield 
strength  (F  )  of  annealed  Ti-13V-llCr-3Al 
alloy  (shee^. 


FIGURE  5.5.1.1.2(b).  Effect  of  temperature  on  the  ultimate  shear 

strength  (F  )  of  annealed  Ti-13V-llCr-3Al 
alloy  (sheeiy. 
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FIGURE  5.5.1.1.3(a).  Effect  of  temperature  on  the  ultimate  bearing 

strength  (F,  )  of  annealed  Ti-13V-llCr-3Al 

alloy  (sheet). 
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FIGURE  5.5.1.1.3(b).  Effect  of  temperature  on  the  bearing  yield  strength 

(F^y)  of  annealed  Ti-13V-llCr-3Al  alloy  (sheet) . 
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FIGURE  5. 5. 1.1. A.  Effect  of  temperature  on  the  tensile  and  compressive 
moduli  (E  and  E  )  of  annealed  Ti-13V-llCr-3Al 
alloy  (sheet). 


'  ji^.1 


o 

Q. 

5 

V) 

«/) 

a> 

W 

CO 


Strain,  0.001  mm/mm 


FIGURE  5. 5. 1.1. 6.  Typical  tensile  stress-strain  curves  for  annealed 

Ti-13V-llCr-3Al  alloy  (sheet)  at  room  and  elevated  temperatv| 
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FIGURE  5.S.1 .1 .8(a) .  Typical  constant-life  fatigue  diagram  for  annealed 
Tl-13V-llCr-3Al  alloy  (sheet)  at  room  tcoperature 
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Correlative  Information  for  Figure  5.5.1.1.8(a) 


Product  Form:  Sheet,  1.09  mm  thick 

Properties:  TUS,  MPa  TYS.  MPa  Temp,  K 

RT  (Unnotr.hed) 

1172(est.)  __  RT  (Notched) 


Test  Parameters: 

Loading  -  Axial 
Frequency  -  3600  cpm 
Temperature  -  RT 
Atmosphere  -  Air 


Specimen  Details:  Unnotched 

7.62  ram  width 


Notched,  Edge,  K,  =  3.0 _ 

11.38  mra,  gross  width 
7.62  mm,  net  width 
0.56  nm,  root  radius,  r 
60°  flank  angle,  w 


Kn  =  1.77,  p  =  0.635  mm,  where  KN  =  I  + 


JL.  fZ 

TT-iOSJ  T 


Surface  Condition-  Unnotched'  Surface  as  finished  at  the  mill,  edges  polished  with  emery  paper. 
Notched:  S;  me  as  above. 
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Correlative  Information  for  Figure  5.5.1.1.8(b) 

Product.  Form:  sheet,  1>09  mm  Chick  Test  Parameters: 

Loading  -  Axial 

Properties:  TUS.  MPa  TYS.  MPa  Temp,  k  Frequency  -  3600  cpm 

800  70?  589  (Unnotchcd)  Temperature  -  589K 

84X  —  589  (Notched)  Atmosphere  -  Air 


Specimen  Details:  Unnotched 

7.62  mm  width 


Notched,  Edge,  K|  =  3.0 

11.38  mm,  gross  width 
7.62  mm,  net  width 

0.56  mm,  root  radius,  r 
60°  flank  angle,  w 


Kn  =  1.81.  p  =  0.559  mm,  "here  KN  =  1  + 


rr  nr 


Surface  Condition.  Unnotched.  Surface  as  finished  at  the  mill,  edges  polished  with  emery  paper 
Notched:  Same  as  above. 


A=  300 
R=  -030 


mm 
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-400  -200 


Minimum  Sltess,  MPa 


nCl'S'.E  3.5.1.1.8(c).  Typical  constant*)  1  !e  fatigue  diagrao  for  annealed 
Ti-13V-UCr-3Al  alloy  (sheet)  at  700  K 


Correlative  Information  for  Figure  5.5.1.1.8(c) 


Product  Form:  Sheet,  1.09  mm  thick 
Properties:  TUS,  MPa  TYS,  MPa  Temp,  K 

~8oo  5So~  /ou  ( 

855  —  700  ( 


MOO  1600 


Specimen  Details:  Unnotched 


7.62  mm  width 


700  (Notched) 
Notched,  Edge,  K(  -  3.0 


11.38  mm,  gross  width 
7.C2  mm,  net  width 
0.56  mm,  root  radius,  r 
60°  flank,  angle,  w 


Test  Parameters: 

Loading  -  Axial 
Frequency  -  3600  cpm 
Temperature  -  700K 
Atmosphere  -  Air 


Kfj  =  2.0,  p  =  0.254  mm,  where  KN  =  1  + 


Surface  Condition:  Unnotched-  Surface  as  finished  at  the  mill,  edges  polished  with  emery  paper. 
Notched:  Same  as  above. 
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FIGURE  5.5.1.2.1(a).  Effect  of  temperature  on  the  ultimate  tensile  strength 

(F  )  of  solution- treated  and  aged  Ti-13V-llCr-3Al 
alloy  (sheet) . 


aRBiBRiiaRaiiiiiBRaaaiBRaaiiaiaaiiiai 

IVPKSfiaaa  aaaaa  aaaaa  aaaaa  aaaaa  uaaaaaaaa  a 
aiK-win  aaaaaaaaaa  laaaaaaaaa  taaaaajaaai 


aiaaBaiaBURBaiaaaiiiBBiiiaBiiiaaiiiaaai 

ilaaiiaataiaaniaa  rbbbiI 

aaa  mil  iiiiiiiMi  aaaaal 


a  aaaaa  aaaaa  aaaaa  I 


Iaiiiimii  uiiiurii  nitintsi  miii 

I  aaiaa  aaaaa  n%Ir-  aaaaa  aiaaaaaaii  laaaa  aaaa  a  aaaaa  ■■■ 

I  aaaaa  aaaa  a  aaaaa  i»I^*M«»iiaaa  a  taaaa  aaaaa  aaaa  a  ijJlQI 

I  aaa  aa  aaaaa  aaaaaaaaaa  aaaaa  aaaaiiaaaa  naaa  ■■■■■■■■■■■ 

I  aasaa  aaaaa  aiiia  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaa  aafcaaaaraaaiaiVMiM^M^H 

■MumM  aaaaaaaaaa  anaa  aaaaa  aaaaa  naaa  aaaaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaal 

—— ilia  aaa  aaaaa  aaaaaaaaaa  tifBs»~r^a  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaaaaaaal 
vaasa  aaaaa  aaaaa  Sanaa  aaaaa  aaaaa  lafaaaaaRa  »r«aaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaal 
aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  aiaosaBaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  | 
aaaaa  aiiaa  aaaaa  aiiia  aaaaa  aaaa  a  t aaaa  aaaaa  aaaa*.' mama  naaa  aaaaa  aaaaa  aaaaa  aaaaa  naaa  I 
aiattmn  aaaaa  aaaaa  aaaaaaaaaa  aaaaaaaaaa  im«  a*  aaa  muiain  aaaaa  aaaaa  aaaaaiiaaa  I 
aaaaaaaaaa  aaaaaaaaaa  aaaaaaaaaa  Baaaaaaaaa  naaaaavaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  I 
■aaaa  aaaaa  iiiSa  aaaaa  naaa  aaaai  Baatamaa  maa  aaa.^1  taasa  aaaaa  naaa  aaaaa  aaaaa  naaa  I 

■MSSISSSSS£iSSSSSaSSa&SSiSSSiS&H£MSSSSSSSSSiSSta«SSSSflSSSiaSSSaa3SaSSiiiiiSal 


BiiiiaumwmilHmNiiatRmiiMiiiiaiRtiiiiB 

■aaaa  anaa  aaaaaaaaaa  aaaaa  aaaaa  taaaainaaanaaaaaaaii—— —— i— —— ■ 
■aaaa  anaaiwat  aaiaa  naaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  jlaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaal 
aaaaa  aaaa  aaa  aaa  naaa  aaan  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  i  taaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaal 
■asasisssa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  nsaasaaaa  aaaaaaaaaal 
■aaaa  aaa  aa  aaaaaaaaaa  Saaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaasaan  aaaaaiiaaa  aaaaaaaaaa  I 
■aaaa  naaa  jaaaa  aanma  aa  aaaaa  laaaa  aaaaa  aaaaa  aa  aaa  >aa»a  aaaaa  iaaaa  anaa  aaaaa  aaaaa  | 
■aaaa  aaaaa  aaa  aaBaKaaiaaRa  aaaaa  tana  aaaaa  aaaaaaaaaa  tafiaa  aiaia  aaaaaaaaaa  aaaaa  aaaaal 
aiiaanaaaiaaaawaaaaiiiiaaaa  aaaaa  aaaaa  aaaaaaaaaa  imaaaaaaaa  aaaaa  anaa  aaaaa  aaaaa  | 
■aan  naaa  aaaaa  naaa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  naaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  I 
■aaaa  aaaai  aaaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  aasaa  aaaaa  I 
aaaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  taaaaaaaaa  laaaa  aaaifi  aaaaaaaaaa  aaaaa  saaaa  I 
■iniami  aaaaaaaaaa  NimamiRiMiimaaRiiiaiRaiiiaaiiamiamiiai  aaaaa  aaaaa  I 
■naa  aaiaa  miiniai  aaaaa  aaaaa  naaa  aaaa-a  aaiaa  aaaaa  aasaa  aaaaa  Baaaaaaaaa  aasaa  aaaaa  | 
■aaaa  aaaaa  aaaaa  bibbs  niniaiiiuiii  aaaaa  aaaaa  aaaaa  vaiaaaaan>aaaaaaaaaaasaa|MM| 

aiuamiBiMBiBiiRaBimiianniaiiaiiRiiimaaRUiiaiiiiiaiuiiitaiiniaRMH 

■aaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa|iiaifaaaa  aaaaaaaaaa  anaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaal 
■aaaa aaaaa  aaaaaaaaaa  BaaaaaafiaRiattaaiBaaauaBa  naaa  aifiaa  aaaaa  aaaaauaaaaaaainaaa  I 
■aaaa aaaaa aaaaaBaBM aaaai aaaaa aaaaa aaaaa aaaaaaaaaa taaaaaaaaa  aaaaaaaaaa aaaaa aaaaa  I 
■aan aaaaa  aaaaaaaaaa  aaaaa  aaaaa  asara aaaaa  aaaaaaaaaa  naaa  aaaaa  laatliian  aaaaa  aaaaa  I 
■aaaararaa  aaaaaaaraaBaaaaaaaaaararanraa  aaaaaaaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaanraa  I 
aaaaa  aaaaa  BaBBaaaasaBSBaBBaaaa  aaaaa  aaaaa  aaaaiaaaaa  laaaa  aaaaa  aaaaaaaaaa  aaannaaa  I 
BaanBaaaanaaBBaaaaaaBaBBasaaBaBaaaaBaaRaaaiaaaaaiaaaaaaBaaiaaaanBBBBaaRaaaaaal 
BaaaaaaaaB aaaaaiiaaa naaa aaaaa laaaa aaaaa aaaaa aaaaa taaaa aaaaa aaaai aaaaa iaBaa aaaaa  I 
stmNanmiaaminiMiiniiiiniiuiNiaiiBBiiiitaiaiRmiaNiiiiilBaiRnaail 
BBaMBaRaainBaBiBBBBaaaaBaBBiiaBBaBaaaaiBBBaiBBBatlBaaiBaaanaaaRaaiilaBRaBaaaal 

aaaaaaaaaa  BnBaBBaaBaaaaBiaaaiiaaaaaaaaiaBaaaBaBaaiaaaBaaaaaaaaBanaaaiaBaaaaaaal 
aaaaaaaaaa  naaaRaaaa  naaa  aaaaa  •naaaaaasanaaBaBaaiMaBaraaaBaaaaBaaaiiaaaanaaal 
Baaaaaaaaa laaaafiiaaaaBaaRaBaaaiaaaaBaaaa aaaaaaaaaa laaaasaaBaBaaMaaafeiiaaaaBaaaal 


FIGURE  5.5.1.2.1(b), 
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Temperature,  K 

1.2.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 
(F  )  of  solution-treated  and  aged  Ti-13V-llCr-3Al 
alloy  (sheet) . 
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FIGURE  5.5.1.2.3(a). 


Temperature,  K 

Effect  of  temperature  on  the  ultimate  bearing  strength 
(Kru)  of  solution-treated  and  aged  Ti-13V-llCr-3Al 
alloy  (sheet) . 
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Temperoture,  K 

FiGURF.  5.5.1.2.3(b).  Effect  of  temperature  on  the  bearing  yield  strength 

of  solution-treated  and  aged  Ti-13V-llCr-3Al 
alloy  (sheet) . 
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.5. 1.2. 4.  Effect  of  temperature  on  the  tensile  and  compres¬ 
sive  moduli  (E  and  E  )  of  solution-treated  and  aged 
Ti-13V-llCr-3Al  alloy  (sheet). 


Strom,  OOOl  m/m 


FICVKE  5*3. 1.2. 6.  Typical  ttmllt  straaa-straln  curves  for  solution-created  and 
ajsd  tl-lJV-UCr-JAl  alloy  (ahaat)  at  rooa  and  tUvaced 
temperatures. 


Minlowm  Stress,  MPo 


FIGURE  5.5.’ ,2 .8(b) .  Typical  constant-life  fatigue  diagram  for  solution-treated 
and  aged  Ti -13V-llCr-3Al  alloy  (sheet)  at  g 


Correlative  Information  for  Figure  5.5.1.2.8(b) 


Product  Form:  Sheet,  1.09  mm  thick 

Test  Parameters: 

Loading  -  Axial 
Frequency  -  3600  cpm 
Temperature  -  589  K 
Atmosphere  -  Air 

Properties:  TUS,  MPa 

TYS,  MPa 

Temp,  K 

1076 

876 

589  (Unnotched) 

1131 

589  (Notched) 

Specimen  Details:  Unnotched 

Notched,  Edge,  Kt  =  3.0 

7 .62  mm 

width 

11.38  mm,  gross  width 

7.62  mm,  net  width 

0.5b  mm,  root  radius,  r 

60°  flank  angle,  en 

Kn=  1.86,  p  =  0.432  mm,whereKN=  I  +  — 

1  -i 

Surface  Condition  Unnotched.  Surface  as  finished  at  the  mill,  edges  polished  with  emery  paper 
Notched:  Same  as  above. 


Kt-1 
TT  fT 
TT-W'\I  r 


s  200 


MOO  1600 


Minimum  Stress,  MPa 

.H.hfc).  1vpi\.il  ic.i.t.inC-lMr  tll.iiir.m  for  solution- treated 

and  1 1  -1 IV- 1  U'r-iAl  .lllov  (j.hrct)  .it  7«»f»  K 


Correlative  Information  for  Figure  5.5.1.2.8(c) 


Product  Form-  Sheet,  1.09  nun  thick 

Properties:  TUS.  MPa  TYS,  MPa  Temp,  K 

—  1027  841  700  (Unnotchcd) 

1076  —  700  (Notched) 

Specimen  Details:  Unnotchcd  Notched ,  Edge.  K,  = 

7.62  nun  width  11.38  iron,  gross 


Test  Parameters: 
Loading  -  Axial 
Frequency  -  3600  cpnt 
Temperature  -  700  K 
Atmosphere  -  Air 


Unnotchcd  Notched ,  Edge.  Kt  =  3.G 

7.62  mm  width  11.38  mm,  gross  width 
7.62.  mm,  net  width 
0.56  mm,  root  radius,  r 
60°  flank  angle,  w 

K  -  1 

Kn  =  2.05,  P  =  0.203  mm,where  KN  =  1  + - 4 - 


Surface  Condition.  Unnotched.  Surface  as  finished  at  the  mill,  edges  polished  with  emery  paper. 
Notched:  Same  as  above. 


5.6  Element  Properties 

5.6.1  BEAMS.  — See  equation  1.3. 2. 3,  Section 
1.5  2.5,  and  References  1.7.1(a)  and  (b)  for 
general  information  on  stress  analysis  of  beams. 

5. 6. 1.1  Simple  Beams.  — Beams  of  solid,  tubu¬ 
lar,  or  similar  cross  sections  can  be  assumed  to 
fail  through  exceeding  an  allowable  modulus  of 
rupture  in  bending  (Ft,).  In  the  absence  of  specific 
data,  the  ratio  Ft,/F,u  can  be  assumed  to  be  1.25 
for  solid  sections. 


5. 6. 1.1.1  Round  Tubes.  — For  re  and  tubes,  the 
value  of  F|,  will  depend  on  the  DA  ratio  as  well  as 
the  ultimate  tensile  stress.  The  bending  modulus 
of  rupture  for  6AI-4V  titanium  alloy  is  given  in 
Figure  5.6. 1.1.1. 

5. 6. 1.1. 2  Unconventional  Cross  Sections.  — Sec¬ 
tions  other  than  solid  or  tubular  should  be  tested 
to  determine  the  allowable  bending  stress. 


0  5  10  15  20  25  30  35  40  45  50 

D/t 

Figure  5.6. 1 . 1 . 1 .  Bending  modulus  of  rupture  for  solution-treated  and  aged  Ti-6Al-4  V  alloy  round  tubing 
manufactured  from  bar  material. 
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Chapter  6 

HEAT-RESISTANT  ALLOYS 


6.1  General 

Heat-resistant  alloys  are  arbitrarily  Ucs-  ?d  “ 
iron  alloys  richer  in  alloy  content  than  the  lk  per 
cent  chromium,  8  percent  nickel  types,  or  is 
alloys  with  a  base  element  other  than  iron  r:G 
which  are  intended  for  elevated-temperature  .  . 
vice.  These  alloys  have  adequate  oxidation  ■  - 
sistance  for  service  at  elevated  temperatures 
are  normally  used  without  special  surface  protec¬ 
tion.  So-called  "refractory"  alloys  that  require 
special  surface  protection  for  elc*.  „ted-tem- 
perature  service  are  not  included  in  this  chapter. 

This  chapter  contains  strength  properties  and 
related  characteristics  of  wrought  heat-resistant 
alloy  products  used  in  aircraft  fabrication.  The 
strength  properties  are  those  commonly  used  in 
structural  design,  such  as  tension,  compression, 
bearing,  and  shear.  The  effects  of  elevated  tem¬ 
perature  are  presented.  Factors  such  as 
metallurgical  considerations  influencing  the 
selection  of  metals  are  included  in  comments  pre¬ 
ceding  ii.«.  specific  properties  of  each  alloy  or 
alloy  group.  Data  on  creep,  ",  :gue,  and  element 
properties  will  be  added  as  information  becomes 
available. 

The  alloys  in  this  chapter  have  not  been  coded 
in  a  recognized  numbering  system  such  as  that 
used  for  steels  or  aluminum  alloys.  For  this 
reason,  each  alloy  is  identified  by  its  most  widely 
accepted  trade  designation. 

For  convenience  in  presenting  these  alloys  ar.d 
their  properties,  the  heat-resistant  alloys  have 
been  divided  into  three  groups,  based  on  alloy 
composition.  These  groups  and  the  alloys  for 
which  specifications  and  properties  are  included 
in  this  Handbook  are  as  follows: 

6.2  Iron-Chromium-Nickel-Bsse  Alloys 

6.2.1  A-286 

6.2.2  N-155 

6.2.3  W-545 


6.3.3  Inconel  Alloy  600  (Inconel) 

6.3.4  Inconel  625 

6.3.5  Inconel  702 

6.3.6  Inconel  706 

6.3.7  Inconel  718 

6.3.8  Inconel  Alloy  X-750  (Inconel  X) 

6.3.9  M-252  Alloy 

6  3.10  Rend  41 

6.3.11  Udimci  500 

6.3.12  Waspaloy 

6.4  Cobalt-Base  Alloys 

6.4.1  L-605 

The  heat  treatments  applied  to  the  alloys  in  this 
chapter  vary  considerably  from  one  alloy  to 
another.  For  unifo.  mity  of  presentation,  the  heat- 
treating  terms,  as  used  in  this  chapter,  may  be 
defined  as  follows:  . 

Stress-Relieving. — Heating  to  a  suitable  tem¬ 
perature,  holding  long  enough  to  reduce  residual 
stresses,  and  cooling  in  air  or  as  prescribed. 

Annealing. — Heating  to  a  suitable  temperature, 
holding,  and  cooling  at  a  suitable  rate  for  the  pur¬ 
pose  of  obtaining  minimum  hardness  or  strength. 

Solution-Treating. — Heating  to  a  suitable  tem¬ 
perature,  holding  long  enough  to  allow'  one  or 
more  constituents  to  enter  into  solid  solution,  and 
cooling  rapidly  enough  to  hold  the  constituents  in 
solution. 

Aging,  Precipitation-Hardening. — Heating  to  a 
suitable  temperature  and  holding  long  enough  to 
obtain  hardening  by  the  precipitation  of  a  constit¬ 
uent  from  the  solution-treated  condition. 

The  actual  temperatures,  holding  times,  and 
heating  and  cooling  rates  used  in  these  treatments 
vary  from  alloy  to  alloy  and  are  described  in  the 
applicable  specifications. 

Other  terminology  in  this  chapter  is  used  in  the 
same  manner  as  elsewhere  in  this  handbook  and 
as  defined  or  described  in  Chapter  1,  or  in  other 
recognized  sources. 


,  6.3  Nickel-Base  Alloys 
j  6.3.1  Hastelloy  B 
|  6.3.2  Hastelloy  X 


6.1.1  MATERIAL  PROPERTIES 

6. 1.1.1  Mechanical  Properties. — The  mechani¬ 
cal  properties  cf  the  heat-resistant  alloys  are 
affected  by  relatively  minor  variations  in  chemis¬ 
try,  processing,  and  heat  treatment.  Conse¬ 
quently,  the  mechanical  properties  shown  for  the 
various  alloy*  in  this  chapter  are  intended  to  ap¬ 
ply  only  to  me  alloy,  form  (shape),  size  (thick¬ 
ness),  and  heat  treatment  indicated.  When 
statistical  values  are  shown,  these  are  intended  to 
represent  a  fair  cross  section  of  all  mill  produc¬ 
tion  within  the  indicated  scope. 

Strength  Properties. — Room -temperature 
strength  properties  for  alloys  in  this  chapter  are 
based  primarily  ori  minimum  requirements  of 
recognized  specifications.  Values  for  non- 
specification  strength  properties  are  derived  from 
published  test  data  and  are  adjusted  to  the 
strength  level  of  the  specified  strength  properties. 
The  variation  of  properties  with  temperature  and 
other  data  or  interest  are  presented  in  figures  or 
tables,  as  appropriate. 

The  streng1'  properties  of  the  heat-resistant 
alloys  generally  decrease  with  increasing  tem¬ 
peratures  or  increasing  time  at  temperature. 
There  are  exceptions  to  this  statement,  par¬ 
ticularly  in  the  case  of  age-hardening  alloys;  these 
alloys  may  actually  show  an  inciease  in  strength 
with  temperature  or  time,  within  a  limited  range, 
as  a  result  of  further  aging.  In  most  cases, 
however,  this  increase  in  strength  is  temporary 
and.  furthermore,  cannot  usually  be  taken  advan¬ 
tage  of  in  service.  For  this  reason,  this  increase  in 
strength  has  been  ignored  in  the  preparation  of 
the  property-data  tables  and  curves  in  this 
chapter  as  described  in  Chapter  9. 

At  cryogenic  temperatures,  the  strength  prop¬ 
erties  of  the  heat-resistant  alloys,  are  generally 
higher  than  at  room  temperature,  provided  some 
ductility  is  retained  at  the  low  temperatures.  For 
additional  information  on  mechanical  properties 
at  cryogenic  temperatures,  other  references,  such 
as  the  Crtogemc  Materials  Data  Handbook  (OTS 
PU  161093).  should  be  consulted. 

Ductility . — Specified  minimum  ductility  re¬ 
quirements  are  presented  for  these  alloys  in  the 
room-temperature  property  tables.  The  variation 
m  ductility  with  temperature  is  somewhat  erratic 
for  the  heat-resistant  alloys.  Generally,  ductility 


d<  creases  with  increasing  temperature  from  room 
temperature  up  to  about  922  to  10  33  K,  where  it 
reaches  a  minimum  value,  then  it  increases  with 
higher  temperatures.  Prior  creep  exposure  may 
also  affect  ductility  adversely.  Below  room  tem¬ 
perature,  ductility  decreases  with  decreasing  tem¬ 
perature  for  some  of  these  alloys. 

Stress-Strain  Relationships. — The  stress-strain 
relationships  presented  are  typical  curves  pre¬ 
pared  as  described  in  Section  9.3.2. 

Creep. — Where  well  substantiated  data  are 
available,  covering  the  temperatures  and  times  of 
exposure  and  the  creep  deformations  of  interest, 
these  are  included  as  typical  information  in  in¬ 
dividual  material  sections.  These  presentations 
may  be  in  the  form  of  creep  stress-lifetime  cut  ves 
for  various  deformation  criteria  or  as  creep 
nomograph  such  as  discussed  in  Chapter  9. 

Fatigue. — Fatigue  data  for  unnotched  and 
notched  specimens  at  room  temperature  and  ele¬ 
vated  temperatures  are  shown  in  each  alloy  sec¬ 
tion,  for  those  alloys  where  sufficiently  well  docu¬ 
mented  data  exist.  These  graphical  displays  are 
considered  typical  values  and  may  include  S-N 
cuivcs  or  constant-life  diagrams. 

6. 1.1. 2  pi  jsical  Properties. — Selected  physical  - 
property  data  from  the  literature  are  presented 
for  these  alloys.  Processing  variables  and  heat 
treatment  have  only  a  slight  effire'  on  these  values; 
thus,  the  properties  listed  n  ’  jplicablc  to  all 
forms  and  heat  treatments. 

6.2  Iron-Chrcmium-Nickel-Base  Alloys 

6.2.0  GENERAL  COMMENTS— The  alloys 
in  this  group  generally  fall  between  the  austenitic 
stainless  steels  and  the  nickel-  and  cobalt-base 
alloys,  both  in  cost  and  in  maximum  service  tem¬ 
perature.  They  are  used  in  airframes,  principally 
in  the  temperature  range  811  to  922  K,  in  those 
applications  in  which  the  stainless  steels  are  in¬ 
adequate  and  service  requirements  do  not  justify 
the  use  of  the  more  costly  nickel  or  cobalt  alloys 

6.2.0. 1  Metallurgical  Considerations. 

Composition. — The  complex-base  alloys  com¬ 
prising  this  group  range  from  those  in  which  iron 
is  considered  the  base  clement  to  those  which 
border  on  the  nickcl-base  alloys.  All  of  them 


contain  sufficient  alloying  elements  to  place  them 
in  the  "Superalloy"  category,  yet  retain  enough 
iron  to  reduce  their  cost  considerably. 

Chromium,  in  amounts  ranging  from  10  to  20 
percent  or  higher,  primarily  increases  oxidation 
resistance  and  contributes  to  strengthening  in 
these  alloys.  Nickel  and  cobalt  strengthen  and 
toughen  them.  Molybdenum,  tungsten,  and  col- 
umbiuni  contribute  to  hardness  and  strength,  par¬ 
ticularly  at  elevated  temperatures.  Titanium  and 
aluminum  arc  added  to  many  of  these  alloys  to 
permit  age-hardening. 

Heat  Treatment. — The  complex-base  alloys 
arc  heat  treated  with  conventional  equipment 
and  fixtures  such  as  would  be  used  with 
austenitic  stainless  steels.  Since  tK-„c  alloys 
are  susceptible  to  carburization  curing  heat 
treatment,  it  is  good  practice  to  remove  all 
grease,  oil.  cutting  lubricant,  etc.,  from  the 
surface  before  heating.  A  low-sulfur  and 
neutral  or  slightly  oxidizing  furnace  at¬ 
mosphere  is  recommended  for  heating. 


6. 2. 0.2  Manufacturing  Considerations. — The 
iron-chromium-nickcl-base  alloys  closely  resem¬ 
ble  the  austenitic  stainless  steels  insofar  as  forg¬ 
ing,  cold  forming,  machining,  welding,  and  braz¬ 
ing  are  concerned.  Their  higher  strength  may  re¬ 
quire  the  use  of  hca\  ier  forging  or  forming  equip¬ 
ment,  and  machining  is  often  somewhat  more 
difficult  than  for  the  stainless  steels.  Pertinent 
comments  arc  included  under  the  individual 
alloys. 

6.2.1  A-286 

6.2. 1.0  Comments  and  Properties. — A-286  is  a 
prec'pitation-hardening  iron-base  alloy  designed 
for  parts  requiring  high  strength  up  to  978  Kand 
oxidation  resistance  up  to  1089K.  It  is  used  in  jet 
engines  and  gas  turbines  for  parts  such  as  turbine 
buckets,  bolts,  and  discs,  and  sheet  metal  assem¬ 


blies.  A-286  is  available  in  all  the  usual  mill 
forms. 

A-286  is  somewhat  harder  to  hot  or  cold  work 
than  the  austenitic  stainless  steels,  its  torging 
range  is  1450  to  1255  Kt  when  finishing  below 
1255K.  light  reductions  (under  15  percent)  must 
be  avoided  to  prevent  grain  coarsening  during 
subsequent  heat  treatment.  A-286  is  readily 
machined  in  the  partially  or  fully  aged  condition 
but  is  soft  and  "gummy"  in  the  solution-treated 
condition.  A-286  should  be  welded  in  the  solu¬ 
tion-treated  condition:  fusion  welding  is  difficult 
for  large  section  sizes  and  moderately  difficult  for 
small  cross  sections  and  sheet:  cracking  may  be 
encountered  in  the  welding  of  heavy  sections  or 
parts  under  high  restraint.  A  dimensional  con¬ 
traction  of  0.0008  metre  per  metre  is  experienced 
during  aging. 

Oxidation  resistance  of  A-286  is  equivalent  to 
that  of  Type  310  stainless  steel  up  to  1255  K. 

Some  material  specifications  for  A-286  alloy 
arc  presented  in  Table  6.2.1.0(a). 

Room-Temperature  Properties 

Room-temperature  mechanical  properties  are 
shown  in  Table  6.2.1.0(b).  Tensile  properties  are 
minimum  AMS  values,  and  compressive,  shear, 
and  bearing  values  are  derived  from  published 
test  data  for  A-286  and  similar  alloys.  Physical 
properties  are  shown  in  Figure  6.2. 1.0. 

6.2.i.l  Solution-Treated  and  Aged  Condition. — 
Elevated-temperature  data  for  this  condition  arc 
presented  in  Figures  6.2.1.1.1(a)  through 
6.2.1.14(b).  In  addition,  stress  rupture  properties 
are  specified  at  922  K.  The  appropriate 
specifications  should  be  consulted  for  detailed  re¬ 
quirements.  Figures  6.2.1.1.8(a)  and  (b)  are  con¬ 
stant-life  diagrams  showing  un.iotched  fatigue 
and  dynamic  creep  of  this  alloy  and  condition  at 
1005  K. 


TABLE  6.2. 1 .0(a).  Material  Specifications  for  A-286  Alloy 


Specification 

Form 

Condition 

AMS5525  . 

Sheet,  strip,  and  plate . 

Solution  treated 

AMS  5735  . 

Bars,  forgings,  and  mechanical  lubing . 

Solution  treated  and  aged 

AMS  5737  . 

Bars,  forgings  and  mechanical  lubing . 

Consumable-electrode  melted;  solution 
treated  and  aged 

Temperature,  K 

figure  6. 2.1.0.  Effect  of  temperature  on  the  physical 
properties  of  A-286  alloy. 
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form . 
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SHEET,  STRIP  AND  PLATE  OARS.  FORGINGS  AND  MECHANICAL  TUdInG 
SOLUTION  TREATEO  ANO  AGED 

THICKNESS,  MM . 

THICKNESS  OVER 

•  •  • 

CONSUMABLE-ELECTRODE 

BASIS . 

0.102  K5I 

S 

S 

heltf.d 
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MECHANICAL  PROPERTIES! 
FTU,  MPA . 

965 

896 

965 

FTY,  MPA . 

655 

566 

655 

FCY,  MPA . 

655 

586 

655 

FSU,  MPA . 

627 

566 

62  7 

FBRO,  HPAi 

«E/0=1.5) . 

1A50 

13A0 

1450 

(E/O-  2*0) «••••«•«• 

1830 

1700 

1830 

FBRY,  HPAi 

CE/0=1.5) . 

979 

876 

979 

(E/0=2.0) . 

1180 

1050 

1180 

EL,  PERCENT... . 

15 

15 

12 

EC,  GPA. 
C,  CP  A. . 
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FIGURE  6.2.1.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F  '  ~>f  A-286  alloy. 
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FIGURE  6.2.1.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (F  )  of  A-286  alloy. 
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FIGURE  6.2.1.1.2(a).  Effect  of  temperature  on  the  compressive 

yield  strength  (F  )  of  A-286  alloy. 
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FIGURE  6.2.1.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (F  )  of  A-286  allov. 
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FIGURE  6.2.1.1.2(a).  Effect  of  temperature  on  the  compressive 


yield  strength  (Fcv)  of  A-286  alloy. 
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FIGURE  6.2.1.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (F  )  of  A-286  alloy. 
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RE  6.2.1.1.4(a).  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  E  )  of  A-286 
alloy.  c 
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FIGURE  6.2.1.1.4(b).  Effect  of  temperature  on  the  shear 

modulus  (G)  of  A-286  alloy. 
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PICURE  6.2.1.1.6(a).  Typical  cons tent- life  diagram  for  fatlgua  and  dynamic  creep  behavior  of  solution  treated 
and  aged  A-286  alloy  (bar)  at  1005K. 


Coi -dative  Information  for  Figure  6.2.!  1.8(a) 


Product  Form:  Roller  Bar,  30.2  mm  diameter 
Properties:  TUS,  MPa  TYS,  MPa  Temp,  K 


1014  607  RT 

~  ~  1005 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  1800  cpm 
Temperature  — 1005  K 
Atmosphere  —  Air 


Specimen  Details:  Unnotched 

6.35  mm  diame.ter 

Surface  Condition  Longitudinally  polished  with  240,  400  and  600  grit  paper  to  5-8  RMS  surface 
finish.  Heat  treatment  consisted  of  solution  treat  at  1172  K  for  1  hour,  water 
quenched;  aged  at  992  K  for  16  hours  (packed  in  cast  iron  chips),  air  cooled. 
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Minimum  Strtts,  MPo 


FIGURE  6.2.1.1.8(b).  Typical  constant-lHe  dlagraa  for  /atlgue  and  dynaalc  creep  behavior  of  solution  treated 
and  aged  A-2 86  alloy  (bar)  at  1003  K. 


Correlative  Information  for  Figure  6.2.1.1.8(b) 


Product  Form:  Roller  Bar,  30.2  mni  diameter 
Properties-  TUS.  MPa  TYS,  MPa  Temp.K 
1014  607  RT 

—  —  1005 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  1 800  cpm 
Temperature  —  1005  K 
Atmosphere  —  Air 


Specimen  Details:  Unnotched 

6.25  mm  diameter 

Surface  Condition:  Longitudinally  polished  with  240,  400  and  600  grit  paper  to  5-8  RMS  surface 
finish.  Heat  treatment  consisted  of  solution  treat  at  1172  K  for  1  hour,  water 
quenched;  aged  at  992  K  for  16  hours  (packed  in  cast  iron  chips),  air  cooled. 
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6.2.2.  N-155  ALLOY 


Room-Temperature  Properties 


6. 2. 2.0  Comments  and  Proper  tics. — N-155 
alloy,  also  known  as  Multimet,  is  designed  for  ap¬ 
plications  involving  high  stress  up  to  1089  K.  It 
has  good  oxidation  properties  and  good  ductility 
and  can  be  fabricated  readily  by  conventional 
methods.  This  alloy  has  been  used  in  many 
aircraft  applications,  including  afterburner  parts, 
combustion  chambers,  exhaust  assemblies,  tur¬ 
bine  parts,  and  bolting. 

N-155  is  forged  readily  between  1478and  1172 
K.  It  is  easily  cold  formed  by  conventional 
methods;  intermediate  anneals  may  be  required  to 
restore  its  ductility.  This  alloy  is  machinable  in 
all  conditions;  low  cutting  speeds  and  ample  flow 
of  coolant  are  required.  The  weldability  of  N- 1 55 
is  comparable  to  that  of  the  austenitic  stainless 
steels. 

The  oxidation  resistance  of  N- 1 55  is  good  up  to 
1089K. 

Some  material  specifications  for  N-155  are 
presented  in  Table  6.2.2.0(a), 


Room-temperature  mechanical  and  physical 
properties  for  N-155  sheet  and  tubing  in  the  solu¬ 
tion-treated  (annealed)  condition  are  presented  in 
Table  6.2.2.0(b).  Bars  and  forgings  me  not 
specified  by  room-temperature  properties  but 
have  specific  elcva.ed-tei.ipcrature  requiutnents. 
The  effect  of  temperature  on  physical  properties 
is  shown  in  Figure  6.2. 2.0. 

6.2.2. 1  Solution-Treated  Conditions. — Ele¬ 
vated-tern,  erature  mechanical  properties  for 
N-155  in  the  solution-treated  condition  are 
presented  in  Figures  6.2.2.1.1(a)  through 
6.2.2.1.8(c).  In  addition,  stress-rupture  proper¬ 
ties  are  specified  at  1089  K  for  sheet  material  and 
at  1005  K  for  bars  and  forgings  of  this  alloy.  The 
appropriate  specifications  should  be  consulted  for 
detailed  requirements. 

TABLE  6.2.2.0(a).  Material  Specifications  for 


N-155  Alloy 

Specification 

Form 

Condition 

AMS  5531 

Sheet  tlow  Ct>  +  Ta) 

Solution  treated 

AMS  5532 

Sheet 

Solution  treated 

AMS  5585 

Tubin::  (ncldodl 

Solution  treated 

AMS  5768 

Bars  and  foigings 

Solution  treated 

and  aged 

AMS  5769 

Bars  and  forgings 

Solution  treated 

FIGURE  6. 2. 2.0.  Effect  of  temperature  on  the  physical 
properties  cf  N-155  alloy. 


TABLE  6.2.2.,0<B 


DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
N-i55  ALLOY 


SPECIFICATION . .  ....  |  A  MS  5531  AND  AMS  5S  3  2  i _ AMS  5585_ 

FORM . .  . SHEET  . i~  TU’b'ING 

CONOITION .  . SOLUTI  ON  TREATED _ 

THICKNESS  ♦  MM  . .  . ul* _ I - ! - *-*-JL - 

BASIS .  S3  S 


MECHANICAL  PROPERTIES! 
FTU  ,  MPA! 

Lo 

. . 

FIT,  MPA  l 

. . 

IT . . 

FCY.  MPA! 

. . . 

LT . 

FSU.  MPA . 

F9RU,  MPA! 

<E/0=1.5> . 

(E/0=2.0) . . 

F8RY .  MPA! 

(E/0=1. 5) . 

(E/0=2.0) . 

EL  ,  PERCENT! 

U . 

LT . 

E,  GPA . . . 

EC.  GPA . . . 

G.  GPA . 

HU . 


2  01.3 
201,3 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . 

C,  . . 

K,  W/(M*K> . 

ALPHA,  10-6  M/(M*K).. 


8.30 

0.43  (294-373  K) 

12.25  (at  294K);  18.86  (at  700K) ;  22.15  (at  922K) 
15.30  (204-5SSIO;  16.38  (294-811’.C) 


aTEST  DIRECTION  LONGITUDINAL  FOR  WIDTHS  LESS  THAN  229  MM {  TRANSVERSE  FOR 
,  WIDTHS  229  MM  AND  OVER. 


^TYPICAL  VALUE  REOUCEO  TO  MINIMUM. 

C$TRI P  *  35. 

FULL  SECTION  >  15.875  MM  THICK  =  *0 
FULL  SECTION  A  15.875  HM  THICK  =  30. 
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>Uum  lecTperaiure  Percent  F  at  Room  Temperoture 
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FIGURE  6.2.2.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile  strength 

(F  u)  of  N-155  alloy. 
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FIGURE  6.2.2.1.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F„  )  of  N-155  alloy, 
ty 
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FIGl’i.1'  6.2,2.1.811).  typical  constant-! 1 fc  fatigue  diagr.in  for  solution- 
created  and  aged  ;;-lSS  bar  at  922  K 


Correlative  Information  for  Figure  6.2.2.1.8(a) 


Product  Form:  Roller  bar,  25.4  nun  diameter 

Properties:-  TUS,  MPa  TYS,  MPa  Temp,  k 

'  552  —  922 


Test  Parameters: 

Loading  -  Axial 
Frequency  -  1500  cpm 
Temperature  -922  K 
Atmosphere  -  Air 


Specimen  Details:  Unnotched  Notched.  V -Groove,  K|  =  5. 1 

5.72  mm  diameter  8.10  mm,  gross  diameter 
5.72  mm,  net  diameter 
0.13  mm,  root  radius,  r 
60°  Hank  angle,  at 


Kn  =  3.37,  o  =  0.0305  mm, where  KN  =  1  + 


K,  -  I 


Surface  Conditions-  Unnotched  specimens  were  longitudinally  polished  with  400  grit  paper. 

Notched  specimens  were  lathe  turned  in  the  notch  with  a  carbide  tool. 

Heat  treatment  involved  solution  treatment  at  1478K  for  1  hour,  water  quench; 
aging  treatment  at  1033  Kfor  16  hours. 


A=  3  00 
R=-050 


5x10 6/\710  A\V' 
sf  Sr.l0\  //\  / 
/I  /  1.5  xtfY 


Notched - 

K|  =  1.73 
A  =  co  A=0.25 
A  =0.8  A =0.0 

Notched - 

K  =  3.2 

From  S-N  corves  ol  various 
S„  levels 


Minimum  Stress,  MPo 

t  I'l’tvil  ( l  .•(•tirr  f.itli'ii"  ill  i,*r  iw  for  Solution- 

iri.-tii!  .im!  ni-..l  S-U5  b.ir  „i  , 


Correlative  Information  for  Figure  6.2.2.1.8(b) 
Product  Form:  Roller  bar,  25.4  ram  diameter  T 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  1500  cpm 
Temperature —  922  K 
Atmosphere  —  Air 


Properties:  1 

Specimen  Details: 


TUS,  MPa  TYS,  MPa  Temp.  K 

552  —  922 


Specimen  Details:  Unnotched  Notched,  V-Groove,  Kt  =  1.73 

5.72  mm  diameter  8.10  mm,  gross  diameter 
5.72  mm,  net  diameter 
1.27  mm,  root  radius,  r 
60°  flank  angle,  w 

Notched,  V-Groovc,  K(  =  3.2 
0.25  mm,  root  radius,  r 
other  dimensions  are  as  given  above 

Surface  Condition.  Unnotched  specimens  were  longitudinally  polished  with  400  gi  it  paper.  Notched 
specimens  were  lathe  turned  in  the  notch  with  a  carbide  tool. 

Heat  treatment  involved  solution  treatment  at  1478  Kfor  1  hour,  water  quench; 
aging  treatment  at  1033  Kfor  16  hours. 


.  j-  yy 


A:  3  00 
R-  ■  <*‘'0 


I 


Test  Condilions 

Unnotched - 

A=oo 
A =0.8 
A' 0.25 
A=00 

No'ched - 

K,=  51 

A=oo  A  =  0.25 


Minimum  Stress,  MPo 

riCUEE  6.2.2.1.8(c).  rypl  c.t  l  constant- li  £c  fntiftuc  dincr-in  for  solution- 
trotted  and  .igt<!  1-1S6  bar  at  10S9  K 


Correlative  Information  for  Figure  6.2.2.1.8(c) 

Product  Form:  Roller  bar,  25.4  nun  diameter  Test  Parameters: 

Loading  -  Axial 

Properties:  TUS,  MPa  TYS.  MPa  Temp.  K  Frequency  -  1500  cpm 

345  —  1089  fUnnotched)  Temperature  -  1089  K 

—  —  1089  (Notched)  Atmosphere  -  Air 


Specimen  Details:  Unnotched 


Notched,  V-Groove.  Kt  =  5.1 


5.72  mm  diameter  8.10  mm,  gross  diameter 
5.72  mm,  net  diameter 

0.13  mm,  ropt  radius,  r 
60*  flank  angle,  a 

Kn  =  2.16,  p  =  0.406  mm,  where  KN  =  1  + - — ^ — — 


r  —  w  y/  r 

Surface  Condition-  Unnotched  specimens  were  longitudinally  polished  with  400  grit  p3pcr. 

Notched  specimens  were  lathe  turned  in  the  notch  with  a  carbide  tool. 

Heat  treatment  involved  solution  treatment  at  1478  K  for  one  hour,  water 
quench;  aging  treatment  at  1033K  for  16  hours. 
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6.2.3.  W-545  ALLOY 

6. 2. 3.0  Comments  ami  Properties. — W-545  is  a 
vacuum-melted,  age-hardening  iron-base  alloy 
designed  for  high-stress  applications  up  to  1005 
K.  Its  excellent  notch  toughness  and  good  oxida¬ 
tion  resistance  make  it  especially  suited  for  use  in 
turbine  discs,  rotors,  bolts,  and  fasteners.  W-545 
is  available  in  most  wrought  mill  forms. 

W-545  has  much  higher  strength  than  the 
austenitic  stainless  steels  at  forging  tem¬ 
peratures;  however,  it  is  forged  or  rolled 
readily  in  the  range,  1366  to  1255  K.  W-545 
has  good  cold-forming  properties  in  the  solu- 
ticn-treatcd  condition.  W-545  is  machinable 
in  all  conditions,  using  high-speed  steel  cut¬ 
ting  tools;  finish  machining  should  be  done  in 
the  age-hardened  condition.  Inert  arc  welding 
is  recommended  for  W-545;  the  alloy  should 
be  welded  in  the  solution-treated  condition 
and  should  be  solution-treated  again  after 
welding. 

W-545  is  resistant  to  attack  by  turbine- 
engine  gases  up  to  978  K;  its  service  at  higher 
temperatures  is  limited  by  strength  considera¬ 
tions. 


Some  material  specifications  for  W-545  alloy 
arc  presented  in  Table  6.2.3.0(a). 

Tabi  II  6.2.3.0(a).  Material  Spccijiiutions  for 
IC-.W5  Alloy 


Spccilicmiiiii  Form 


Condition 


AMS  5543  Sheet.  Mnp.  and  plate  Solution  treated 
AMS  5741  Bars  and  forgings  Solution  treated 

and  aged 


Room-Temperature  Properties 

Ronm-tcmperature  mechanical  and  physical 
properties  of  W-545  alloy  are  presented  in  Table 
6.2.3.0(b).  The  effect  of  temperature  on  physical 
properties  is  shown  in  Figure  6.2.3. 0. 

6.2.3. 1  Solution-Tieateil  and  Aged  Condition. — 
Elevated-temperature  properties  for  this  condi¬ 
tion  are  presented  in  Figures  6.2.3.1.1(a)  through 
6.2.3. 1.6.  In  addition,  stress-rupture  properties  at 
978  K  are  specified  for  this  alloy;  the  appropri¬ 
ate  material  specification  should  be  consulted  for 
detailed  requirements. 
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FIGURE  6. 2. 3.0. 


Temperature,  K 

Effect  of  temperature  on  the  physical 
properties  of  W-545  alloy. 


TABLE  6. 2. 3.0  (B> 


.  DESIGN  HECHANIC6L  AND  PHYSICAL  PROPERTIES  OF 
W-545  ALLOY 


SPECIFICATION. . 

FORM . 

CONDITION . 

THICKNESS,  MM. 
BASIS . 


AMS  5543 


SHEET  AND  STRIP  _ 

SOLUTION'TREATED  ANO  AGED 


_ AHS5741  _ 

BARS  AND  FORGINGS. 


,.,b  — 


MECHANICAL  PROPERTIES* 
FTU,  MPA* 

’  . . 

.  . . 

FTY ,  MPA* 

. . 

. . 

FCY,  MPA* 

. . 

. . . . . 

FSU,  MPA . . 

FBR'J,  MPA* 

«£/0=1.5> . 

(E/0=2. 0 . . 

FBRY ,  MPA* 

(E/0=i.5) . 

<E/0=2.0J . 

EL,  PERCENT* 

. . 

. . 

EL,  PERCENT* 

. . 

. . 

E,  GPA . 

EC,  GPA . 

G,  GPA . 


1070 


827 


12 


1070 


827 


12 


IS 


200.6 

200.6 

79.3 


MU. 


PHYSICAL  PROPERTIES* 

OMEGA,  MG/M3 . 

C,  . . 

K«  W/(M»K) . 

ALPHA,  10-6  M/<M*K>.. 


7.89 

0.48 

SEE  FIGURE  6. 2. 3.0 
SEE  FIGURE  6. 2. 3.0 


^TEST  DIRECTION  L  0NG1TUOINAL  FOR  HIDTHS  LESS  THAN  229  MM?  TRANSVERSE  FOR 
WIDTHS  229  MM  AND  OVER. 

°  GRAIN  DIRECTION  NOT  SPECIFIED. 


Strength  at  temperature 
Exposure  up  to  j  hr 


00  500  600  700  800  900  1000  1100  1200  1300  1400 

Temperature,  K 

FIGURE  6.2.3.1.1(a).  Effect  of  temperature  on  the  ultinati 

tensile  strength  (FCu)  of  W-545  alloy. 


10  500  600  700  800  900  1000  1 100  1200  1300  1400 

Temperature,  K 

FIGURE  6.2.3.1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (Fcv)  of  W-545  alloy. 
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Poisson's  Rotio 


FIGURE  6.2.3.1.4(c).  Effect  of  temperature  on  Poisson's 

ratio  (p)  for  W-545  alloy. 
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Stress,  MPa 


6.3  Nickel-Base  Alloys 

6.3.0  GENERAL  COMMENTS.— Nickel  is 
the  base  clement  for  most  of  the  higher-tcm- 
perature  heat-resistant  alloys.  While  it  is  much 
more  expensive  than  iron,  nickel  provides  an 
austenitic  structure  that  has  greater  toughness  and 
workability  than  ferritic  structures  of  the  same 
strength  level. 

6.3.0.!  Metallurgical  Considerations. 
Composition. — The  common  alloying  elements 
for  nickel  are  cobalt,  iron,  chromium,  molyb¬ 
denum,  titanium,  and  aluminum.  Cobalt,  when 
substituted  for  a  portion  of  the  nickel  in  the 
matrix,  improves  high-temperature  strength, 
small  additions  of  iron  tend  to  strengthen  the 
nickel  matrix  and  reduce  the  cost,  chromium  is 
added  to  increase  strength  and  oxidation  resis¬ 
tance  at  very  high  temperatures,  molybdenum 
contributes  to  solid  so’ution  strengthening. 
Tit,.nium  and  aluminum  are  added  to  most 
nickel-base  heat  resistant  alloys  to  permit  age¬ 
hardening  by  the  formation  of  Nij  (Ti,  Al)  pre¬ 
cipitates,  aluminum  also  contributes  to  oxidation 
resistance. 

The  nature  of  the  alloying  elements  in  the  age- 
hardenable  nickel-base  alloys  makes  vacuum 
melting  of  these  alloys  advisable,  if  not  mandato¬ 
ry.  However,  the  additional  cost  of  vacuum  melt- 
ing  is  more  than  compensated  for  by  the  resulting 
improvements  in  elevated-temperature 
properties. 

Heat  Treatment. — The  nickel-base  alloys  a,e 
heat  treated  with  conventional  equipment  and  fix¬ 
tures  such  as  would  be  used  with  austenitic  stain¬ 
less  steels.  Since  nickel-base  alloys  are  more 
,  susceptible  to  sulfur  embrittlement  than  are  iron- 
base  alloys,  it  is  essential  that  sulfur-bearing 
materials  such  as  grease,  oil,  cutting  lubricants, 

,  marking  paints,  etc.,  be  removed  before  heat 
treatment.  Mechanical  cleaning,  such  as  wire 
,  brushing,  is  not  adequate  and  if  used  should  be 
followed  by  washing  with  a  suitable  solvent  or  by 
vapor  degreasing.  A  low-sulfur-content  furnace 
t  atmosphere  should  be  used.  Good  furnace  control 
.  with  respect  to  time  and  temperature  is  desirable 
\  since  overheating  some  of  the  alloys  as  little  as  275 
|  K  impairs  strength  and  corrosion  resistance. 


When  it  is  necessary  to  anneal  the  age-hardena- 
ble-typc  alloys,  a  protective  atmosphere  (such  as 
argon)  lessens  the  possibility  of  surface  con¬ 
taminations  or  depletion  of  the  precipitation¬ 
hardening  elements.  This  precaution  is  not  so 
critical  in  heavier  sections  since  the  oxidized  sur¬ 
face  layer  is  a  smaller  percentage  of  the  cross  sec¬ 
tion.  After  solution  annealing,  the  alloys  are 
generally  quenched  in  water.  Heavy  sections  may 
require  air  cooling  to  avoid  cracking  from  ther¬ 
mal  stresses. 

In  stress  relief  annealing  of  a  structure  or 
assembly  composed  of  an  aluminum-titanium 
hardened  alloy,  it  is  vitally  important  to  heat  the 
structure  rapidly  thtough  the  age-hardening  tem¬ 
perature  range,  922  to  1033  K  (which  is  also  the 
low*  ductility  range)  so  that  stress  relief  can  be 
achieved  before  any  aging  takes  place.  Parts 
which  arc  to  be  used  in  the  fully  heat-treated  con¬ 
dition  would  have  to  be  solution  treated,  air 
cooled,  and  subsequently  aged.  In  this  case  the 
stress-relief  treatment  would  be  conducted  in  the 
solution-temperature  range.  Little  difficulty  has 
been  encountered  with  distortion  under  rapid 
healing  conditions,  and  distortion  of  weldments 
of  substantial  size  has  been  less  than  that  observed 
with  conventional  slow  heating  methods 

6.3.0.2  Manufacturing  Considerations. 

Forging. — All  of  the  alloys  considered,  except 
for  the  casting  compositions,  can  be  forged  to 
some  degree  The  matrix-strengthened  alloys  can 
be  forged  with  proper  consideration  of  cooling 
rates,  atmosphere,  etc.  Most  of  the  precipitation- 
hardenable  grades  can  be  forged,  although 
heavier  equipment  is  required  and  a  smaller 
range  of  reductions  can  be  safely  attained. 

Cold  Forming. — Almost  all  of  the  wrought- 
nickel-base  alloys  in  sheet  form  are  cold  forma- 
blc.  The  lower  strength  alloys  offer  few  problems, 
but  the  higher  strength  alloys  require  higher 
forming  pressures  and  more  frequent  anneals. 

Machining. — AH  of  the  alloys  in  this  section 
are  readily  machinable,  provided  the  optimum 
conditions  of  heat  treatment,  type  of  tool  speed, 
feed,  depth  of  cut,  etc.,  are  achieved.  Specific 
recommendations  on  these  points  are  available 
from  various  producers  of  these  alloys. 
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Welding  — The  matrix-strengthening-type 
alloys  offer  no  serious  problems  in  welding.  All  of 
the  common  resistance-  and  fusion-welding  pro¬ 
cesses  (except  submerged  arc)  have  been  suc¬ 
cessfully  employed.  For  the  age-hardenable  type 
of  alloy,  it  is  necessary  to  observe  some  further 
precautions: 

1.  Welding  should  be  confined  to  annealed 
material  where  design  permits.  In  full  age- 
hardened  material,  the  hazard  of  cracking  in 
weld  and/or  parent  metal  is  great. 

2.  If  design  permits  joining  some  portions  only 
after  age  hardening,  the  parts  to  be  joined 
should  be  “safe  ended”  with  a  matrix- 
strengthened-type  alloy  (with  increased  cross 
section)  and  then  age  hardened;  welding 
should  then  be  carried  out  on  the  "safe  ends.” 

3.  Parts  severely  worked  or  deformed  should  be 
annealed  before  welding. 


tremcly  dry  reducing-  and  inert-gas  atmospheres, 
unless  some  method  of  fluxing,  solid  or  gaseous, 
is  used.  An  alternative  technique  which  is  com¬ 
monly  used  is  to  preplate  the  areas  to  be  btazed 
with  1/2  to  1  mil  of  nickel.  For  some  metal  com¬ 
binations,  a  few  fabricators  prefer  to  apply  an 
iron  preplate.  In  either  case,  the  plating  prevents 
the  formation  of  aluminum  or  titanium  oxide 
films  and  results  in  better  joints. 

Most  of  the  high-temperatuiv  alloys  of  the 
nickel-base  type  are  brazed  with  Ni-Cr-Si-B  and 
Ni-Cr-Si  types  of  brazing  alloy.  Silver  brazing 
alloys  can  be  used  for  lower  temperature  applica¬ 
tions.  However,  since  the  nickel-base  alloys  to  be 
brazed  are  usually  employed  for  higher  tem¬ 
perature  applications,  the  higher  melting  point, 
stronger,  and  more  oxidation-resistant  brazing 
alloys  of  the  Nicrobraz  type  are  generally  used. 
Some  of  the  palladium-base  brazing  alloysdnay 
be  useful  under  some  circumstances  in  intermedi- 
atc-tcmperature  applications. 


4.  After  welding,  the  weldment  will  often  re-  531  HASTELLOY  B 

quire  stress  relieving  before  aging. 


5.  Material  must  be  heated  rapidly  to  the  stress- 
relieving  temperature. 

6.  In  a  number  of  the  age-hardenable  alloys,  fu¬ 
sion  welds  may  exhibit  only  70  to  80  percent 
of  die  rupture  strength  of  the  parent  metal. 
The  deficiency  can  often  be  minimized  by 
design,  such  as  locating  welds  in  areas  of 
lowest  temperature  and/or  stress.  The  use  of 
special  filler  wires  to  improve  weld-rupture 
properties  is  under  investigation. 

Brazing. — The  solid-solution-type  chromium- 
containing  alloys  respond  well  to  brazing,  using 
techniques  and  brazing  alloys  applicable  to  the 
austenitic  stainless  steels.  Generally  speaking,  it  is 
desirable  to  braze  annealed  (stress-free)  material 
to  avoid  embrittlement.  As  with  the  stainless 
steels,  dry  hydrogen,  argon,  or  helium  at¬ 
mospheres  (211  Kdcw  point  or  lower)  are  used 
successfully ,  and  vacuum  brazing  is  now  receiving 
increasing  attention. 

The  aluminum-titanium  age-hardened  nickel- 
base  alloys  arc  difliculr  to  braze,  even  using  ex- 


6.3.1.0  Comments  and  Properties. — Hastelloy  B 
is  a  corrosion -resistant  nickel-base  alloy  that  has 
found  application  in  the  gas-turbine  engine  and  in 
high-temperature  bolting  and  shafting  because  of 
its  good  high-temperature  properties.  It  is  not 
hardenable  by  heat  treatment  and  is  used  in  the 
hot-rolled  and  annealed  condition.  Hastelloy  B  is 
available  in  the  usual  mill  forms. 

Hastelloy  B  is  somewhat  more  difficult  to  hot 
work  than  austenitic  stainless  steels;  its  hot-work¬ 
ing  range  is  1478  to  1311 K.  It  is  preferably 
formed  cold  and  requires  frequent  anneals.  It  is  f 
somewhat  more  difficult  to  machine  than  the  f 
austenic  stainless  steels  because  of  its  work-hard-  ; 
ening  capacity.  Hastelloy  B  can  be  welded  in  the  * 
same  manner  as  the  austenitic  stainless  steels,  but 
oxyacetylene  welding  is  not  recommended  for 
corrosion  applications. 


Hastelloy  B  is  resistant  to  both  oxidizing  and; 
reducing  atmospheres  up  to  1033K.  £ 


Two  ASTM  specifications  are  available  for ’this* 
alloy  in  its  wrought  form,  and  these  are  presented^ 
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in  Table  6.3.1.0(a).  No  aeronautical  specifica¬ 
tions  are  presently  available  for  this  alloy. 

TABLE  6.3.1.0(a).  Materials  Specifications  for 
Hastelloy  B 


Specification 


Condition 


■\$TM  B.LVt  Sheet  and  plate  Mot-rolled  and 

annealed 

A  STM  B.W  Rod  Hot- rolled  and 

annealed 


Room-Temperature  Properties 

Room-temperature  mechanical  ami  physical 
properties  for  this  alloy  are  presented  in  Table 
6.3.1.0(b).  The  tensile  properties  are  ASTM 
specification  minimums  and  the  physical  proper¬ 
ties  were  taken  from  the  literature.  Figure  6.3. 1 .0 
shows  the  effect  of  temperature  on  the  physical 
properties  of  Hastelloy  B. 

6.3. 1.1  Annealed  Condition. — Elevated  tem¬ 
perature  properties  for  this  alloy  arc  presented  in 
Figures  6.3. 1 . 1 . 1  (a)  through  6.3. 1.1.4. 
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FIGURE  6. 3. 1.0.  Effect  of  temperature  on  the  physical 
properties  of  Hastelloy  B. 
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TABLE  6.3.1.0(B).  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
HASTELLOY  B 
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Percent  F.  at  Room  Temperature  Percent  Ffuat  Room  Temperature 
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'IGURE  6.3.1.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (F  )  of  Hastelloy  B. 
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FIGURE  6.3.1.1.1(b).  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  Hastelloy  B. 
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FIGURE  6. 3. 1.1. 4.  Effect  of  temperature  on  the  tensile 
and  compressive  moduli  (E  and  Ec)  of 
Hastellov  B. 


6.3.2  HASTELLOY  X 

6. 3. 2.0  Comments  and  Properties. — Hastelloy  X 
is  a  nickel-base  alloy  used  for  burner-liner  parts, 
turbine-exhaust  weldments,  afterburner  parts, 
and  other  parts  requiring  oxidation  resistance  and 
moderately  high  strength  above  1061K.  It  is  not 
hardenable  except  by  cold  working  and  is  used  in 
the  solution-treated  (annealed)  condition. 
Hastelloy  X  is  available  in  all  the  usual  mill 
forms. 

Hastelloy  X  is  somewhat  difficult  to  forge; 
forging  should  be  started  at  1450  to  1478  K  and 
continued  as  long  as  the  material  flows  freely.  It 
should  be  in  the  annealed  condition  for  optimum 
cold  forming,  and  severely  formed  detail  parts 
should  be  solution  treated  at  1450  K  for  7  to  10 
minutes  and  cooled  rapidly  after  forming. 
Machinability  of  Hastelloy  X  is  similar  to  that  of 
austenitic  stainless  steel;  the  alloy  is  tough  and  re¬ 
quires  low  cutting  speeds  and  ample  cutting 
fluids.  Hastelloy  X  can  be  resistance  or  fusion 
welded  or  brazed,  large  or  complex  fusion  weld¬ 
ments  require  stress  relief  at  1144  K  for  1  hour. 

Hastelloy  X  has  good  oxidation  resistance  up 
to  1422  K.  It  age  hardens  somewhat  during  long 
exposure  between  922  and  1255K,  but  this  is  not 
a  serious  problem. 

Some  material  specifications  for  Hastelloy  X 
arc  presented  in  Table  6.3.2.0(a). 


TABLE  6.3.2.0(a).  Material  Specifications  for 
Hastelloy  X 


Specification 

Form 

Condition 

AMS  553<i 

Sheet  and 

Solution  heat  treated 

plate 

(annealed) 

AMS  5754 

Bars  and 

Solution  heat  treated 

forgings 

i  annealed) 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  for  Hastelloy  X  sheet  are  presented  in 
Table  6.3.2.0(b).  AMS  5754  does  not  specify  ten¬ 
sile  properties  for  bars  and  forgings.  Figure 
6.3. 2.0  shows  the  effect  of  temperature  on  physi¬ 
cal  properties. 

6.3.2. 1  Annealed  Condition. — The  effect  of  tem¬ 
perature  on  various  mechanical  properties  is 
presented  in  Figures  6.3.2.1.1(a)  through 
6.3.2. 1 .4.  These  properties  are  based  primarily  on 
data  for  sheet,  but  are  satisfactory  for  application 
to  bars  and  forgings.  In  addition,  certain  stress- 
rupture  requirements  at  1089  K  are  specified  in 
AMS  5536  and  5754  for  Hastelloy  X. 

Typical  tensile  stress-strain  curves  at  room  and 
elevated  temperatures  are  presented  in  Figure 
6.3.2.1.6(a).  Typical  compressive  stress-strain 
and  tangent-modulus  curves  at  room  and  ele¬ 
vated  temperatures  are  presented  in  Figure 
6.3.2.1.6(b). 


TABLE  6. 3.2. 0  (8) •  DESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 
HASTELLOY  X 


SPECIFICATION . 

AMS  5536 

T»» 

FORM . 

SHEETaAND  PLATE3 

CONDITION . 

SOLUTION  TREATEO 

{ANNEALED) 

thtc.knf^s.  mm . . 

0.25- 

0.49 

0.50- 

2.55 

2.5  6- 
4.7  6 

,‘4177- 

50.80 

<  0.25 

>50.80 

BASIS . 

S 

S 

A 

B 

S 

S 

s 

MECHANICAL  PROPERTIES* 

' 

FTU,  MPA* 

L . . . 

LT.... . .  « 

•  •  • 

724 

•  •  0 

724 

•  •  • 

703 

f  •  • 

731 

•  «. 

724 

... 

689 

•  •  • 

655 

FT.Y,  MPA* 

L . . . 

tT........ . 

•  •  • 

310 

V  •  • 

310 

•  •  • 

3  03 

•  •  • 

324 

• 

3 1  n 

... 

7  7« 

... 

P7A 

FCY,  MPA* 

L . 

9«« 

•  •  • 

•  •  • 

*  •« 

*  •  • 

... 

LT . 

•  •  • 

•  •  • 

♦  •  • 

... 

... 

... 

FSU,  MPA . 

FBRU.  MPA* 

•  •  • 

•  •  • 

•  •  • 

... 

•  •  • 

*  •  • 

" 

(E/0= 1.5) . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

•  •  . 

... 

(E /0s  ?• 0 . 

•  •  • 

•  •  • 

.  .  • 

... 

... 

FBRY,  MPA* 

(E/0= 1.5) . 

*  •  • 

•  •  • 

•  •  » 

.  0  • 

•  %  • 

... 

... 

IE/D=2. 0) . 

•  •  • 

•  00 

... 

... 

... 

EL,  PERCENT* 

L . . 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

... 

... 

LT . 

29 

35 

3  t  « 

35 

35 

35 

F.  GPA . . . . 

200.  Q 

7  n  n  _  n 

FH,  r,PA -  a . . 

G«  GPA.. . . 

7<; .  a 

HU* . 

0.32 

PHYSICAL  PROPERTIES* 

OHFGA.  HG/H3 

ft  . 

C,  J/(G*K> . 

SEE  FIGURE  6. 

3.2.0 

K*  W/{H*K> . 

SEE  FIGURE  6. 

3.2.0 

ALPHA,  10-6  M /  ( M* K) » • 

SEE  FIGURE  6. 

3.2.0 

TEST  DIRECTION  LONGITUDINAL  FOR  WIDTHS  LESS  THAN  229  HM:’tRANSVERSE  FOR 


WIDTHS  229  HM  ANO  OVER. 
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Temperature,  K 

FIGURE  6. 2. 2.0.  Effect  of  temperature  on  the  physical 
properties  of  Hastelloy  X. 
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FIGURE  6. 3. 2. 1.4.  Effecc  of  temperature  on  dynamic  modulus  (E)  of 
Hastelloy  X  (sheet). 
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FIGURE  6.3.2.1.6(a).  Typical  tensile  stress-strain  curves  for  Hastelloy  X 

(sheet)  at  room  and  elevated  temperatures. 
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IGURE  6.3.2.1.6(b). 


Typical  compressive  stress-strain  and  tangent-modulus 
curves  for  Hastelloy  X  (bar)  at  room  and  elevated 
temperatures . 
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6.3.3  INCONEL  ALLOY  600 

6. 3. 3.0  Comments  and  Properties. — Inconel 
Alloy  600  is  a  corrosion-  and  heat-resistant 
nickel-base  alloy  used  for  low-stressed  parts 
operating  up  to  1366  K.  It  is  not  hardenable  ex¬ 
cept  by  cold  working  and  is  usually  used  in  the 
annealed  condition.  Inconel  is  available  in  all  the 
usual  mill  forms. 

Inconel  Alloy  600  is  readily  forged  between 
1505  and  1311  K;  “hot-cold"  working  between 
1144  and  922  K  is  harmful  and  should  be 
avoided;  cold  working  below  922  K  results  in 
improved  properties.  This  alloy  is  readily  formed 
but  should  be  annealed  after  severe  forming 
operations.  The  maximum  annealing  temperature 
is  1255  K  if  minimum  yield-strength  requirements 
are  to  be  met  consistently.  Inconel  Alloy  600  is 
susceptible  to  rapid  grain  growth  at  1255  K  or 
higher,  and  exposures  at  these  temperatures  are 
necessarily  brief  if  large  grain  size  is  objection¬ 
able. 

Inconel  Alloy  600  is  somewhat  difficult  to 
machine  because  of  its  toughness  and  capacity  for 
work  hardening;  high-speed  steel  or  cemented- 
carbide  tools  should  be  used,  and  tools  should  be 
kept  sharp. 


This  alloy  can  be  resistance  or  fusion  welded  or 
brazed;  large  or  complex  fusion  weldments 
should  be  stress  relieved  at  1144  K  for  1  hour. 

Oxidation  resistance  of  Inconel  Alloy  600  is 
excellent  up  tol366K  in  sulfur-free  atmospheres. 
This  alloy  is  subject  to  attack  in  sulfur-containing 
atmospheres. 

Some  material  specifications  for  Inconel  Alloy 
600  are  presented  in  Table  6.3.3.0(a). 


Table  6.3.3.0(a).  Material  Specifications  for  In¬ 
conel  Alloy  600 


Specification 

Form 

Condition 

M1L-N-6S40 

Plate,  sheet,  anJ  strip 

Annealed 

M1L-N-6710 

Bars.  rods,  and  forgings 

Various 

MIL-T-7840 

Tubing,  seamless,  and 
welded 

Annealed 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Tables  6.3.3.0(b),  (c).  and 
(d).  Figure  6.3. 3.0  shows  the  effect  of  temperature 
on  the  physical  properties. 

6.3.3. 1  Annealed  Condition. — Elevated-tem¬ 
perature  data  for  this  condition  are  shown  in 
Figures  6.3.3.1.1(a)  through  6.3.3. 1.4. 
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SPECIFICATION. 

FORM . 

CONOIT ION . 

THICKNESS.  HH. 


HIL-N-684Q 


TUBING 


FORGINGS 


AS  FORGED  ANNEALEI 


LT . 

FCY,  HPAJ 


LT . 

FSU,  HPA . 

FBRU,  HPAJ 
(E/0=  1.5) 
(E/0=  2. 0 ) 
FBRY,  HPAJ 
(E/0=1.5) 
<E/B=2.0) 
EL,  PERCENTl 

L . 

LT . 

E.  GPA...... 

EC,  GPA . 

G.  GPA . 

HU . 


213.  7 
213.7 
75.1 


PHYSICAL  PROPERTIES! 

OHEGA,  . . 

Cv  J/(G»K) . 

K,  H/CH»K>.. . 

ALPHA,  10-6  H/  ( M*  K)  •  • 


6.50 

SEE  FIGURE  6. 3. 3.0 
SEE  FIGURE  6. 3. 3.0 
SEE  FIGURE  6. 3. 3.0 


TABLE  6.3.3.0(C).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

INCONEL  600  (BARS  AND  RODS) 
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C,  J/(g  -  K) 
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FIGURE  6. 3. 3.0.  Effect  of  temperature  on  the  physical 
properties  of  Inconel  600. 
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FIGURE  6.3.3.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (F  )  of  Inconel 
Alloy  600.  tu 
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FIGURE  6.3.3.1.1(b).  Effect  of  temperature  on  the  tensile  yield 


strength  (F  )  of  Inconel  Alloy  600. 
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FIGURE  6.3.3.1.2(b).  Effect  of  temperature  on  the  ultimate 

shear  strength  (F  )  of  Inconel 
Alloy  600.  SU 
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6.3.4  INCONEL  ALLOY  625 

6. 3. 4.0  Comments  and  Properties. — Inconel 
Alloy  625  is  a  solid-solution,  matrix  strengthened 
nickel-base  alloy  primarily  for  applications  re¬ 
quiring  good  corrosion  and  oxidation  resistance 
at  temperatures  up  to  approximately  1255  Kand 
also  where  such  parts  may  require  welding. 

The  strength  of  the  alloy  is  derived  from  the 
strengthening  effect  of  molybdenum  and  colum- 
bium;  thus,  precipitation  hardening  is  not  re¬ 
quired  and  the  alloy  is  used  in  the  annealed  con¬ 
dition.  The  strength  is  greatly  affected  by  the 
amount  of  cold  work  prior  to  annealing  and  by 
ihe  annealing  temperature.  The  material  is 
usually  annealed  at  1200-1311Kfor  times  com¬ 
mensurate  with  thickness.  The  properties  in  this 
section  arc  restricted  to  that  annealing  range. 

Because  the  alloy  was  developed  to  retain  high 
strength  at  elevated  temperatures,  it  resists  defor¬ 
mation  at  hot  working  temperatures  but  can  be 
readily  fabricated  with  adequate  equipment. 

The  combination  of  strength,  corrosion  resis¬ 
tance,  and  ability  to  be  fabricated,  including 
welding  by  common  industrial  practices,  are  the 
alloy’s  outstanding  features. 


The  material  specifications  for  Inconel  Alloy 
625  are  listed  in  Table  6.3.4.0(a). 

Table  6.3.4.0(a).  Material  Specifications  for 
Inconel  Alloy  625 

Specification  |  form  I  Condition 


Specification 
AMS  5599 


AMS  5666 


Sheet,  v.rip. 

and  plate 
Bars, forgings, 
and  rings 


Annealed 


Annealed 


Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  for  Inconel  Alloy  625  are  listed  in  Ta¬ 
ble  6.3.4.0(b).  Figure  6.3.4.0  shows  the  effect  of 
temperature  on  the  physical  properties. 

6.3.4. 1  Annealed  Condition. — Effcct-of-tem- 
perature  curves  for  tensile  ultimate  strength,  ten¬ 
sile  yield  strength,  tnd  tensile  and  compressive 
moduli  arc  presented  in  Figures  6.3.4.1.1(a) 
through  6. 3.4. 1.4. 

Typical  tensile  stress-strain  curves  are  shown  in 
Figures  6.3.4.1.6(a)  and  (c).  Typical  compressive 
stress-strain  and  tangent-modulus  curves  are  pre¬ 
sented  in  Figures  6.3.4.1.6(b)  and  (d). 


a  -  Between  294  K  and  indicated  temperature 
:  K  -  At  indicated  temperature  ±f  a 

:  C  -  At  indicated  temperature 
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FIGURE  6. 3. 4.0.  F.ffect  of  temperature  on  the  physical 
properties  of  Inconel  Alloy  625. 
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FIGURE  6.3.4.1.1(a) 


Effect:  of  temperature  on  the  ultimate  tensile 
strength  (Ftu)  of  annealed  Inconel  Alloy  625 
(sheet  and  bar). 
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FIGURE  6.3.4.1.1(b).  Effect  of  temperature  on  the  tensile  yield 

strength  (Fcv)  of  annealed  Inconel  Alloy 
625  (sheet  and  bar) . 
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FIGHRt  6 .3.4.1.6(d) .  Typical  compressive  stress-strain  and  tangent-modulus 

curves  at  room  temperature  for  annealed  Inconel  Alloy 
625  (bar) . 


6-52 


6.3.5  INCONEL  702 


Contact  with  sulfur  containing  atmospheres  at 
high  temperatures  should  be  avoided. 


6.3.5. 1  Comments  and  Properties. — Inconel  702 
is  a  heat-treatable  nickel-base  alloy  containing 
chromium  and  aluminum  for  oxidation  re¬ 
sistance,  and  aluminum  and  titanium  as  hard¬ 
eners.  It  is  used  primarily  foe  parts  and  assemblies 
requiring  oxidation  resistance  to  about  1366  K 
(and  under  some  conditions  to  1589  K)  rather 
than  high  strength,  and  where  parts  may  require 
welding  during  fabrication.  It  is  available  as  strip, 
sheet,  hot  finished  bars,  and  seamless  tubing, 
although  it  is  used  primarily  in  sheet  form. 

Fc.  elding  this  alloy,  the  inert  gas  tungsten 
arc  process  is  preferred,  using  filler  metal  of 
matching  composition.  The  alloy  also  can  be 
metal  arc  welded  or  joined  by  brazing  and  re¬ 
sistance  welding. 

The  alloy  is  preferably  machined  in  the  an¬ 
nealed  or  hot-worked  condition,  although  aged 
material  can  be  machined. 


A  material  specification  for  Inconel  702  is 
presented  in  Table  6.3.5.0(a). 


Table  6.3.5.0(a).  Material  Specification  for 
Inconel  702 


Specification 

Form 

AMS  5550 

Sheet  and  strip 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  presented  in  Table  6.3.5.0(b).  The 
effect  of  temperature  on  physical  properties  is 
shown  in  Figure  6.3. 5.0. 

6.3.5. 1  Aged  Condition. — Effect-of-tem- 
perature  curves  for  aged  Inconel  702  sheet  are 
presented  in  Figures  6.3.5.1.1(a)  through 
6.3. 5. 1.5. 
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FIGURE  6. 3. 5.0.  Effect  of  temperature  on  the  physical 
properties  of  Inconel  702. 


TABLE  6.  3 . 5 . 0  (Q> . 


DESIGN  MECHANICAL  AnO  PHYSICAL  PROPERTIES  OF 
INCONEL  702  (SHEET  ANO  STRIP) 


SPECIFICATION . . 

„ AMS  5550 

FORM . . . 

sheet"  1 

STRIP 

CONDITION . 

PRECIPITATION  heat  treateo 

THICKNESS,  MM . 

0.25  - 

0.63- 

0.25- 

0.62 

6.35 

3.17 

BASIS . 

S 

S 

S 

MECHANICAL  PROPERTIES) 

FTC,  MPA) 

. . 

•  •  • 

•  •  • 

662 

. . 

862 

862 

FTY,  MPA) 

L.  . . 

•  •  % 

•  •  • 

... 

LT . 

414 

414 

•  •  • 

FCY,  MPA) 

L . 

•  •  • 

•  •  • 

•  mm 

LT . 

•  •  • 

•  •  • 

•  •  • 

FSO,  MPA... . 

•  •  • 

•  •  • 

•  •  • 

FBRU,  MPA) 

. . . 

... 

... 

m  •  * 

<E/D*2.0) . 

•  •  • 

•  •8 

•  •  • 

FBRY,  HPA ) 

<E/D=1.5> . 

... 

•  •  • 

•  •  • 

<E/0=2.0) . 

•  •  • 

•  •  * 

•  •  • 

EL,  PERCENT) 

L . 

•  •  • 

•  •  • 

15 

LT . 

17 

25 

•  •  • 

E,  GPA . . . 

217.2 

EC,  GPA . . 

•  •• 

G,  GPA . 

•  •  • 

HU . 

1 

•  mm 

PHYSICAL  PROPERTIES) 

OMEGA,  MG/M3 . 

C,  J/(G*K) . 

K,  W/(M*K) . 

ALPHA,  10-6  M/(M*K>.. 


8.41 

SEE  FIGURE  6. 3. 6.0 
SEE  FIGURE  6. 3. 4.0 
SEE  FIGURE  6. 3. 4.0 


TEST  DIRECTION  LONGT IUD1NAL  FOR  WIDTHS  LESS  THAN  229  MM }  TRANSVERSE  FOR 
WIDTHS  229  MM  AND  OVER. 
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Percent  Fti>  ot  Room  Temperature  2  Percent  at  Room  Temperature 
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jURE  6.3.5.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 
strength  (F  )  of  Inconel  702  alloy. 
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FIGURE  6.3.5.1.1(b).  Effect 

str^i,{. 


■  IB  Hlf  ««*■■■■ 

■MRiiiiiiiiiihiI 

ill  ■■■■■■■■■■  «■■■■■■■■■! 


, _ nssEs&ss:iS::!:sHs:!5::::sssss::n::u:::s5ss5:::ssK::::ss5::ssss:ss 

■■NNVMBSMVSBMOTHVfHMNHVMmVHHiia  BBaifiiaaii  bihuibibbi  .'bbbbbbbbu  bbbbb  bbbbb 
l»*ffgiglig9B»ga«iglgWffagliaiygglfaa»iiaiiipaaaipaaaa«aaaaaaaiMaaaaBaaaia%,aaaaaaaaaaaaaa«aaa 

■aaaBaaaa  ■■••«■■■■■■■■. '«■■■■■  bbbbbbbbbb 

•  SKBBBBBK  BBBBB  ESKSglfBBti  'MEiaxilllMlIilB 

Ha  I  ■■■  ana  ibbbbbbbbi  iiiiknilM  ibiiikihm 

_ _ BpMaaaaaaaaSaaaaaaalaaaaaaaaaTMiaaaaaaaaia  a  aa  b**bb  aaaini  aaaaa  aaaaa  v  «su  aaaaa  aaaaa  I 

Sif¥iii|MfiaaaaSiiaaaa«aaaaN«aaaaaaaaapBSa8iaaa|BSaaaaaiiaaaaaaaaaaaBaaaa.a»iiaeaaaaaaaa 
aai aaaaa  aaaaa aaaMaaiBiaaaaMBaaaaaaBaaaaaiifiaBBiaaaiiaaaaiBiaaaaaaaaaaaaaaiaaaiaaaiaaaH; 

tatt£MnlaS  SSaSaaaSal 

::::::::::::: 

Ersss:::  a 

Bset:;! 


sHHHu: 

iliiiii 


iaaaaaaaa  aaaaa  aaaaa aaaa 


aaaaa aaaaa 
leBaaiRiaia 

aaaaa  aaaaa 
aaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  ibbbb  aaaaa 

aaaaiaaaa  aaaaa  aaaaa  aaaaa  aaaaa  a  taaa  aaaaa 
mii  util  mui  niii  mu  mur  n  aai  mim 
■PMiiiBVttaaaaaaaaaeaaaaaaaa&aaaaaaBa 

liiiMnMnaaaHBBMMai 


■ aaaaa ■aaaaiaaRa aaaaa aaaaa aaaaa aaaaa aavaa aaaaa 
aiaaaa  aaaaa  aaaaa  aaaaa  aaaaa  Miia  aaaaa  aa.  taaaaaaa 
■aatafia  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaa«  am  aaaBaaa 

■iaaaaaa  aaaaa aaaaa aaaaa aaaaa aaaaaaaaaa aaaaa aaaaa 
aaaa aaaaa aaaaa »aaia aaaaa aaaaa aaaaa aaaaa aaava aaaaa 
■aaaaaaaRRBaaaaaaia Maaaaaaai aaaaa Baaaa aai taaaaaa 
aaaa aaaaa aaaaa  aaaaa aaaaaaaaaaaaaBBaaaaaaaara aaaaa 
|H|MaaaMaaaajiaaa  aaaaa  a«aanraaia|KaaMa«at  b bbbbb 
HMHiii  aaaaa  aaaaa  aaaaa  aaaaanaaa  aaaaa  aaaaa 
■  ■•■■■■afMiiMiRMMi»|iBi«iiiaa««i>Rsiia»a  Inna 
aaaa  aaaaa  |aaaa  aaaaa  aaaiaiSaaaa  aaaaa  aaaaa  aaaa  t  bbbbb 
KiiiiiRii  laaaiiaaRa  aaaaa  aaaaa  aaaaaaaaaa  aaaa.  taaaaa 
■■■■WHHHHVHHSSaaaaaaaa  aaaavaaaaa  aaaaa  aaaaa  aaiaaaaaaaBBaauaaaaa 

■aaaa  aaaai  aaaal  iiaaaiaiii  aaaaa  aaaia  aaaaa  aaaaa  aaaaa  aaaaa  uiiiiuii  aaaaaaaaaB 
aaaaaaBBaaaaaataaaaaaaaaaaviniapHanaaiapaaaaaaaaaaaBBaaaaaaaaaaBaaaaaaaaaaaa 
|H|a|a§|aaM|aa|M|iiaiaii  fiaiaaiaail  |aifiaaaaia  aaaaa  aaaaa  ipiaaaaaaa  aaaaa  aaaaa 
— aiiBaaaiBaagiaaaaiaaaaaagaaiaaaapaaaaaaaaaaaaaaBaaaaaaaaa 
■{aaaiaaaa«aaaa|&aa|RaaaSiaaaaaaaaaBpaBRBRBBaBBBBBBaaaBaaa«aa 
i  i miimhi  as ■  ii  ■■■!■■■■■■■■*«■  ■  ■*■■  6 ■■■■■■■■■■■■■■■aiaiiiiaH 


300  400  500  600  700  800  900  1000  1100  1200 

Temperature,  K 

FIGURE  6.3.5.1.2(a).  Effect  of  temperature  on  the  compressive  yield 

strength  (F  )  of  Inconel  702  alloy. 
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FIGURE  6.3.5.1.2(b).  Effect  of  temperature  on  the  ultimate  shear 

strength  (F  )  of  Inconel  702  alloy. 
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IRE  6.3.5.1.3(a' .  Effect  of  temperature  on  the  ultimate  bearing 
strength  (F^ru)  of  Inconel  702  alloy. 
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FIGURE  6.3.5.1.3(b).  Effect  of  temperature  on  the  bearing  yield  strength 

(F,  )  of  Inconel  702  alloy, 
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FIGURE  6. 3. 5. 1.4.  Effect  of  temperature  on  the  tensile  and  compressive 
moduli  (E  and  E  )  of  Inconel  702  alloy. 
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FIGURE  6, 3. 5. 1.5.  Effect  of  temperature  on  the  elongation  (e)  of 
Inconel  702  alloy  (sheet). 


6.3.6  INCONEL  ALLOY  706 

6. 3. 6.0  Comments  and  Properties. — Inconel 
Alloy  706  is  a  vacuum-melted  precipitation- 
hardened,  nickel-base  alloy  with  characteristics 
similar  to  Inconel  Alloy  718  except  that  Inconel 
Alloy  706  has  greatly  improved  machineability. 
The  alloy  has  good  formability  and  weldability. 
Like  Inconel  Alloy  718,  Inconel  706  has  ex¬ 
cellent  resistance  to  postweld  strain-age  cracking. 

Depending  upon  choice  of  heat  treatment,  this 
alloy  may  be  used  for  applications  requiring 
either  (1 )  high  resistance  to  creep  and  stress  rup¬ 
ture  up  to  978  K  or  (2)  high  tensile  strength  at 
cryogenic  temperatures  or  elevated  temperatures 
for  short  times.  The  creep  resistant  heat  treatment 
is  characterized  by  an  intermediate  stabilizing 
treatment  before  precipitation  hardening.  Inconel 
Alloy  706  also  has  good  resistance  to  oxidation 
and  corrosion  over  a  broad  range  of  temperatures 
and  environments. 

Because  of  close  relationship  between  heat 
treatment,  properties  and  applications,  both  the 
product  form  and  application  are  listed  with  the 
specifications  in  Table  6.3.6.0(a). 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  arc  shown  in  Table  6.3.6.0(b).  The 
effect  of  temperature  on  physical  properties  is 
shown  in  Figure  6.3.6.O. 


6.3.6. 1  Solution  Treated  and  Aged  Conditions 
(Creep  Rupture  Heat  Treatment). — The  effect  of 
temperature  on  the  tensile  ultimate  strength  and 
tensile  yield  strength  of  Alloy  706  is  presented  in 
Figures  6.3.6. 1 . 1  (a)  and  (b),  and  the  effect  on  the 
tensile  and  compressive  moduli  in  Figure 
6.3.6. 1 .4.  The  effect  of  temperature  on  elongation 
is  shown  in  Figure  6.3.6. 1.5.  Typical  tensile 
stress-strain  curves  are  shown  in  Figure 
6.3.6.1.6(a)  and  typical  compressive  stress-strain 
and  tangent-modulus  curves  in  Figure 
6.3.6.1.6(b).  A  typical  full-range  tensile  stress- 
strain  curve  is  shown  in  Figure  6.3.6.1.6(c).  The 
stress-rupture  properties  arc  specified  at  1200  F; 
the  appropriate  specification  should  be  consulted 
for  detailed  requirements. 


TABLE  6.3.6.0(a).  Material  Specifications  for 
Inconel  Alloy  706 


Specification 

Form 

Application 

AMS  5605 

Sheet,  strip, 
and  plate 

Tensile 

1255  K  solution 

treated 

AMS  5606 

Sheet,  strip. 

Creep-Rupture 

and  plate 

1228  K  solution 

treated 

AMS  5701 

Bars,  forgings. 

Tensile 

and  rings 

1255  K  solution 

treated 

AMS  5702 

Bars,  forgings. 

Creep-Rupture 

and  rings 

1228  K  solution 

treated 

AMS  5703 

Bars,  forgings, 
and  rings 

Creco-Rupturc 

1228  K  solution 

treated, 
stabilized 
and  precipi¬ 
tation 
treated 

TABLE  6.3.6.0<B».  DESIGN  MECH  A.N  ICAL  .  ANO  PHYSICAL  PROPERTIES  OF 

INCONEL  ALLOY  706 
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PHYSICAL  PROPERTIES* 
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C,  J/(G+K> . 

SEE 
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FIGURE  6, 3. 6.0.  Effect  of  temperature  on  the  physical 

properties  of  solution-treated  and  aged 
Inconel  Alloy  706. 
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FIGURE  6.3.6.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (Ftu)  of  solution-treated  and  aged 
Inconel  Alloy  706  (creep  rupture  heat  treat¬ 
ment)  . 
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FIGURE  6.3.6.1.1(b) 


Effect  of  temperature  on  the  tensile  yield 
strength  (FCv)  of  solution-treated  and  aged 
Inconel  Alloy  706  (creep  rupture  heat  treat¬ 
ment)  . 
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FIGURE  6. 3. 6. 1.4.  Effect  of  temperature  on  the  tensile  and 
compressive  moduli  (E  and  Ec)  of  Inconel 
Allov  706. 
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FIGURF.  6. 3. 6. 1.5.  Effect  of  temperature  on  the  elongation 
of  solution-treated  and  aged  Inconel 
Alloy  706  (creep  rupture  heat  treatment) 
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JRE  6.3.6.1.6(c).  Typical  tensile  stress-strain  curve  (Full  range)  for  Inconel 
Alloy  706  (bar  and  sheet)  at  room  temperature  (creep  rupture 
heat  treatment). 
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6.3.7  INCONEL  718 

6. 3. 7.0  Comments  and  Properties. — Inconel  718 
is  a  vacuum-melted,  precipitation-hardened 
nickel-base  alloy.  It  can  be  welded  easily  and 
excels  in  its  resistant',  to  strain-age  cracking.  It 
is  also  readily  formable.  Depending  on  choice 
of  heat  treatments,  this  alloy  finds  applications 
requiring  either  (1)  high  resistance  to  creep 
and  stress  rupture  up  to  978  K  or  (2)  high 
strength  at  cryogenic  temperatures  and  for 
short-time  use  up  to  811  K.  It  also  has  good 
oxidation  resistance  up  to  1255  K.  Inconel  718 
is  available  in  all  wrought  forms  and  as  invest¬ 
ment  castings. 

Because  of  the  close  relationship  between 
heat  treatment,  properties,  and  applications, 
both  the  product  form  and  application  are 
listed  with  the  specifications  in  Table 
6.3.7.0(a). 


Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  presented  in  Tables  6.3.7.0(b)  and 
(c).  Other  physical  properties  as  a  function  of 
temperature  are  presented  in  Figure  6. 3. 7.0. 

6.3.7. 1  Solution  Treated  and  Aged  Condition. — 
Effect -of-temperature  curves  for  solution  treated 
and  aged  Inconel  718  are  presented  in  Figures 
6.3.7.1.1(a)  through  6.3.7. 1.4.  Typical  constant 
life  fatigue  diagrams  are  presented  in  Figures 
6.3.7.1.8(a)  through  6.3.7. 1 .8(.d). 

TABLE  6.3.7.0(a).  Material  Specifications  for 
Inconel  7 18  Altov 


Specification 

Form 

Application 

AMS  5583 

Investment  castings 

Creep-rupture 

AMS  5589 

Tubing 

Creep-rupture 

AMS  5590 

Tubing 

Short -time 

AMS  5596 

Sheet,  strip,  plate 

Creep-rupture 

AMS  5597 

Sheet,  strip,  plate 

Short-tune 

AMS  S66?.  5665 

Bars,  forgings 

Creep-rupture 

AMS  5664 

Bars,  forgings 

Short-time 

la  -Between  294  K  and  indicated  temperature 
IK  -  At  indicated  temperature 
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FIGURE  6.3.  7.0.  Effect  of  tercperature  on  the  physical 
properties  of  Inconel  718  alloy. 
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TABLE  6. 3. 7.0 (C) 


design  mechanical  and  PHYSICAL  properties  of 


AMS  5662  AND  A M S  566 3  _ AMS  566 A _ 

BARS  |  FORGINGS  BARS  FORGINGS 

SOLUTION-TREATED  AND ‘AGEO  PER  INDICATED  SPECIFICATION 


FSUt  MPA.... 
FBRU,  MPA: 
<£/0=1.5> 
(E/0=  2. 0  > 
FBRY ,  MPA: 
(E/D=1.5> 
(E/0=2.0> 
EL*  PERCENT  1 


LT . . 

ST . . 

EL,  PERCENT! 

L . . 

LT . 

ST . 

E,  GPA . 

EC,  GPA . 

G,  GPA . 

HU . 


PHYSICAL  PROPERTIES : 

OHEGA  ,  MG/M3 . . 

C,  J/(G*K) . 

K,  . 

ALPHA,  10-6  M/(H*K).. 


Sm2  2 

0.4  6 (AT  255K) 
SEE  FIGURE  6. 3. 5.0 
SEE  FIGURE  6. 3. 5.0 


tJf.ANSVERSE  GRAIN  DIRECTION 
DYNAMIC  MODULUS. 


asaaaataMRaa««a*ftBaRsaBiaa«MMS«aBaBBauaas«aBBa«BSBaimt«s«saM«assamssa*9>»l 

iiiauiiiiiiinBiuiiiauBinmBBiaiaiflaniiiiiBBanituuaiMaBaiBiBiiuauiial 


maafliaaBiaflii 


aaaBBaaaBaBBaasaaaRBBaaaaaaaaaBaBBaaBi 


m  i 


f  K 


BaBaaaaaaaaai 


aBBBBaaBa«a«aaaai 


Strength  at  temperature 
Exposure  up  to  j  hr 


m«i  ****»*»*■■■ 


a)  140 
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Temperature,  K 

FIGURE  6.3.7.1.1(a).  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  solution- 
treated  and  aged  Inconel  718  alloy. 
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Percent  FtJ  at  Room  Temperature 


FIGURE  6.3.7..1.1(b).  Effect  of  temperature  on  the  tensile 

yield  strength  (Fty)  of  solution- 
treated  and  aged  Inconel  718  alloy. 
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Percent  E  at  Room  Temperature 


STSTm  600  to  eon  900  1000  moo  1200 

Temperature,  K 

FIGURE  6.3.  7.1.4.  Effect  of  temperature  on  the  tensile  m0^u^ 

(E)  of  solution-treated  and  aged  Inconel  7 

Alloy. 


Maximum  Stress,  MPa 


[iMil 


ME! 


-1000  -800  -  600  -  000  -?00 


Test  Conditions 

Unnotched - 

A  =  oo 
A  =0.67 
A  =  0.0 

Notched - 

K|  =  3.0 
A*oo 
A  =  0.67 
A  =0.0 


200  400  600  800  1000  1200  1400  1500 

Minimum  Stress,  MPo 


FiGUk_  6.3.7.1.8(a).  Typical  constant-life  fatigue  diagram  for  Inconel  718  (sheet)  at  room  temperature, 
•  long  transverse  direction. 

Correlative  Information  for  Figure  6.3.7.1.8(a) 


Product  Form:  Aged  Sheet,  j.,70  mm  thick 


Properties:  T US,  MPa  TYS,  MPa 

1358  1131 

1517  — 

Specimen  Details:  Unnotched: 

7.62  mm  width 


Temp,  K 
RT  (Unnotched) 
RT  (Notched) 


Test  Parameters: 
Loading  -  Axial 
Frequency  -  3600  cpm 
Temperature  -  RT 
Atmosphere  -  Air 


Notched,  V-Groove,  K,  =  3.0 
11.32  mm,  gross  width 
7.62  mm,  net  width 
0.56  mm,  root  radius,  r 
60°  flank  angle,  w 


Kn  =  2.79,  p  =  0.00356  mm  where  K,v=  j  +  _ 


-  —  a)  yj  r 

Surface_ConditiOfK  Unnotched:  Specimen  edges  were  finished  by  belt  grinding  with  400  grit  belts  and 
vapor  mist  cooling. 

No'ch  contours  were  finished  with  a  combination  of  milling  and  grind¬ 
ing.  Both  types  of  specimens  were  double  aged  after  machining:  992  K  for  8 
hours,  furnace  cooled  to  894  K  holding  at894  K  to  complete  a  total  of  18  hours 
in  the  furnace. 
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2  200  k 


Test  Conditions 


UnnolcheO  - 

A  =  co  A5  0.25 


A  =067  A =0.0 

Notched - 

K,=  3.0 

A=co  A  =  0.25 
A.=  l0  A=0.l0 
A=067  A  =  0.0 


-1000  -800  -600  -400  -200 


200  400  600  BOO  1000 

Minimum  Stress,  MPa 


FIGURE  6.3.7.1.8(b).  Typical  constant-life  fatigue  diagram  for  Inconel  718  (sheet)  at  811  K,  long 
transverse  aircction. 


Correlative  Information  for  Figure  6.3.7.1.8(b) 


Product  Form:  Aged  Sheet,  1.70  mm  thick 

Properties:  TUS,  MPa  TVS,  MPa  Temp,  k 

1138  979  811  (Unnotched) 

1276  —  —  (Notched) 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  3600  cpm 
Temperature  —  311  K 
Atmosphere  —  Air 


Specimen  Details:  Unnotched 


7.62  iran  width 


Notched,  Edge  Type,  Kt  =  3.0 

11.38  mm,  gross  width 

7.62  mm,  net  width 
0.56  mm,  root  radius,  r 
60°  flank  angle,  w 


KN  =  2.84,  p  =  0.00203  tnm , where  Kn  =  i  + 


it  fp 
Tr-sv~\J  T 


Surface  Condition:  Unnotched:  Specimen  edges  were  finished  by  belt  grinding  with  400  grit  belts  and 

’  ~ .  vapor  mist  cooling. 

Notched:  Notch  contours  were  finished  with  a  combination  of  milling  and  grind¬ 
ing.  Both  types  of  specimens  were  double  aged  after  machining:  992  K  for  8 
hours,  furnace  cooled  to  89  A  K  holding  at  894  Kto  complete  a  total  of  18  hours 
in  the  furnace. 
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-BOO  -800  -600 


-400  -200 


400  600 


Test  Conditions 

Unnolched - 

A=oo  A=0;20 
A=  15  A -0.0 
A  -0.67 

Nolched  - - 

K|=  30 

A=co  A=Q25 
A- 1.5  A=QO 
A  =0.67 


BOO  1200  MOO  1600 


MiniTium  Stress,  "pa 


Flu  UK  E  6.3.7. 1 .8  fd ).  Typical  constant-life  fatigue  diagram  for  Inconel  71 S  (sh'ct)  at  1033  K,  long 
transverse  direction. 

Correlative  Iniormation  for  Figure  6.3.7.1.8(d) 


Product  Form:  Aged  Sheet,  1.70  mm  thick 
Properties:  TUS,  MPa  TYS.  MPa  Temp,  K, 

779  696  1033  (Unnotchcd) 

1033  (Notched) 


Specimen  Details:  Unnotched 

7.62  mm  width 


Kn=  2.3  ,P  =  0.0711  mm, Whcre  KN=  1  + 


lick  Test  Parameters: 

_  K  Loading — Axial 

,  —  „ ,  .  ..  Frequency —  3600  cpm 

UnnotcM)  Temperature  —  1033  -K 

1033  (Noteheti)  Alm„%h=re  -  Air 

Notched,  Edge  Type,  Kt  =  3.0 
11.38  mm,  gross  width 
7.62  mm  ,  net  width 
0.56  nun  ,  root  radius,  r 
60°  flank  angle,  w 

K  -  1 

mm _ i _  v  •  .  ”  1 


*  f£ 


Surface  Co..ditu.n.  Unnotched.  Specimen  edges  where  finished  by  belt  grinding  with  400  gru  belts 
and  vapor  mist  cooling. 

Notched.  Notch  contours  were  finished  with  a  combination  of  milling  and  grind¬ 
ing.  Both  types  of  specimens  were  doubled  aged  after  machining: 992  K  for  8 
hours,  furnace  cooled  to  894  K  holding  at  894  K  to  complete  a  total  of  18  hours 
in  the  furnace. 
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6.3.8  INCONEL  ALLOY  X-7S0  (Inconel  X) 

6. 3. 8.0  Comments  and  Properties. — Inconel 
Alloy  X-750  is  a  high-strength  oxidation-re¬ 
sistant  nickel-base  alloy.  It  is  used  for  parts  re¬ 
quiring  high  strength  up  to  811  K  or  high  creep 
strength  up  to  1089  Kand  for  low-stressed  parts 
operating  up  to  1311  K.  It  is  hardcnable  by 
various  combinations  of  solution  treatment  and 
aging,  depending  on  its  form  and  intended  ap¬ 
plication.  Inconel  Alloy  X-750  is  available  in  all 
the  usual  wrought  mill  forms. 

Inconel  Alloy  X-750  can  be  readily  forged  be¬ 
tween  1492  and  1311K;  ••hot-cold"  working  be¬ 
tween  1144  and  922  K  is  harmful  and  should  be 
avoided.  This  alloy  is  readily  formed  but  should 
be  solution  treated  at  1325  K  for  7  to  10  minutes 
after  severe  forming  operations.  It  is  somewhat 
more  difficult  to  machine  than  the  austenitic 
stainless  steels.  Rough  machining  is  easier  in  the 
solution-treated  condition;  finish  machining  in 
the  partly  or  fully  aged  condition.  Fusion  welding 
is  difficult  for  large  section  sizes  and  moderately 
difficult  for  small  cross  sections  and  sheet.  It  must 
be  v  !ded  i.t  the  annealed  or  solution-treated 
condition;  weldments  should  be  stress  relieved  at 
1172  K  for  2  hours,  then  aged  Nickel  brazing, 
followed  by  precipitation  heat  treatment  of  the 
brazed  assembly  will  result  in  strength  nearly 
equal  to  that  of  fully  heat-treated  material. 

Oxidation  resistance  of  Inconel  Alloy  X-750  is 
good  to  1311K,  but  the  beneficial  effects  c'"  aging 
are  lost  above  1089  K.  This  alloy  is  subject  to  at¬ 
tack  in  sulfur-containing  atmospheres. 

Sonic  material  specifications  for  Inconel  Alloy 
X-750  are  presented  in  Table  6.3.8.0(a). 


Fable  6.3.8.0(a).  Material  Specificat'vts  for  In¬ 
conel  Alloy  X •  750 


petrification 

Form 

Condition 

1IL-N-7786 

Sheet  and  strip 

Annealed 

1I1.-N-8550 

Bars  and  forgings 

Solution  (rested 

and  double  aged 

»MS  5667 

Bars  and  forgings 

Equalised 

Three  slightly  different  heat-treated  conditions 
are  specified  for  Inconel  Alloy  X-750.  Sheet  and 
strip  are  generally  supplied  in  the  null  annealed 
condition  and,  after  fabrication,  are  aged  at  978 
K  for  20  hours  and  air  cooled.  An  alternative 
aging  treatment,  aging  at  1033  K  for  1  hour,  pro¬ 
duces  substantially  the  same  tensile  properties  as 
aging  at  978  K  for  20  hours. 

The  sob.tion-treated  and  double-aged  condi¬ 
tion  (MIL-N-S550)  is  specified  for  bars  and  forg¬ 
ings  for  maximum  creep  strength  above  866  K- 
This  condition  is  obtained  for  this  material  in 
three  steps:  solution  treatment  at  142  2  K  for  2  to  4 
hours  and  cooling  in  air;  high-temperature  aging 
at  1116  K  for  24  hours;  then  low-temperature 
aging  at  978  K  for  24  hours  and  air  cooling. 
Cooling  to  room  temperature  between  the  two 
aging  treatments  is  optional. 

The  equalized  and  aged  condition  (AMS  5667) 
is  specified  for  bars  and  forgings  for  maximum 
tensile  strength  up  to  866  K.  This  condition  is 
obtained  by  equalizing  at  1158  Kfor  24  hours  and 
air  cooling,  followed  by  aging  at  978  K  for  20 
hours  and  air  cooling. 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  arc  shown  in  Table  o.3.$.0(b).  Tensile 
properties  for  sheet  are  minimum  value  from 
MIL-N-77S6.  Tensiic  properties  for  bars  and 
forgings  in  the  equalized  and  aged  condition  are 
from  AMS  5667.  MlL-N-8550  does  not  specify 
tensile  properties  for  bars  and  forgings  in  the  full 
heat-treated  condition.  Compressive,  shear,  and 
bearing  values  arc  derived  from  published  test 
data  foi  Inconel  Alloy  X-750  ar.d  similar  alloys. 
The  effect  of  temperature  on  the  physical  proper¬ 
ties  of  this  alloy  is  shown  in  Figure  6.3. 8.0. 

6.3.8. 1  Annealed- Aged,  Equalized-Aged  Condi¬ 
tions. — Thccffect-of-icmpcrature  curves  for  these 
conditions  arc  shown  in  Figures  6.3.8.1.1(a) 
through  6.3.3  1.4. 
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TABLE  6. 3. 8.0  (3) 


DESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 
INCONEL  ALLOY  X-75  0 


SPECIFICATION . 

HIL-N-7  786 

AMS  5667 

FORM . . 

SHEET  ANO  STRIP 

BARS  ANO  FORGINGS 

CONDITION . 

ANNEALED  AND  AGEO 

EQUALIZED 

AND  AGED 

THICKNESS*  MM . 

>  0.25 

<101. 6Q 

>  101.60 

BASIS . . . 

S 

c  3 

s 

- s,  • 

MECHANICAL  PROPERTIES* 

FTU,  MPA  1 

.  L . . . 

•  •  • 

1140 

1100 

LT . 

1070 

•  •  • 

•  •  • 

FTY,  MPA  1 

. . 

•  •  • 

724 

689 

LT . 

689 

•  •  • 

FCY,  MPA* 

. . 

•  •  • 

724 

689 

LT . 

689 

•  •  • 

•  •  • 

FSU,  H°A . 

696 

738 

717 

FBRU,  MPA* 

(E/0=1.5> . 

1600 

1650 

1630 

(E/O*2.0) . 

2030 

2100 

2160 

FBRY *  MPAS 

(E/Q= 1. . . 

1030 

1080 

1030 

(c /O—  2 • 0) ••••••••• 

1240 

1300 

1240 

EL,  percent; 

L . . . 

•  •  • 

20 

15 

LT . . . 

20 

•  •  • 

•  •  • 

EL,  PERCENTS 

L*  •  . . 

... 

25 

17 

LT . 

•  •  • 

•  •  • 

E,  GPA . 

213.7 

EC,  GPA...., . 

213.7 

G,  GPA . . 

75.8 

MU . 

•  •  • 

PHYSICAL  PROPERTIES* 

' 

OMEGA,  MG/M3 . 

8.30 

C,  J/(G*K> . 

SEE  FIGURE  6. 3. 8.0 

K«  W/(M*K) . 

SEE  FIGURE  6. 3. 8.0 

ALPHA,  i 0-6  M/'H*K).. 

SEE  FIGURE  6. 3. 8.0 

*GRAIN  DIRECTION  NOT  SPECIFIED. 


i 


,  W/(m  •  K) 


16  E 


200  400 


1000  1200  {-400 


Temperature,  K 


FIGURE  6. 3. 8.0.  Effect  of  temperature  on  the  physical 
properties  of  Inconel  Alloy  X-750. 
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tensile  strength  (FCu)  of  Inconel 
X-750  Alloy. 
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FIGURE  6. 3.8.1  1(b)  .  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  Inconel  Alloy  X-750. 
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FIGURE  6.3.8.1.3(a). 


Effect  of  temperature  on  the  ultimate 
bearing  strength  (F  )  of  Inconel 
Alloy  X-750 . 
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FIGURE  6.3.8.1.3(b).  Effect  of  temperature  on  the  bearing 

yield  strength  (F,  )  of  Inconel 

Alloy  X-750.  y 
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FIGURE  6. 3. 3. 1.4.  Effect  of  temperature  on  the  tensile 
and  compressive  moduli  (E  and  Ec)  of 
Inconel  Alloy  X-750. 
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6.3.9  M-252  ALLOY 


6. 3. 9.0  Comments  and  Properties. — M-252  is  a 
vacuum -  melted  precipitation-hardening 
nickel-base  alloy  designed  for  highly  stressed 
parts  operating  up  to  .1089  K,  It  is  used  for  jet- 
engine  and  gas-turbine  buckets  and  for  high- 
temperature  bolting.  M-252  is  primarily  a 
forging  alloy  but  is  available  in  all  wrought 
mill  forms. 

M-252  is  difficult  to  forge.  Its  forging  range 
is  1450  to  1255  K;  its  hot  short  (brittle)  just 
above  the  forging  range;  light  reductions  (I  to 
10  percent)  below  about  1255  K  cause  ex¬ 
cessive  gain  growth  in  the  subsequent  heat 
treatment  and  should  be  avoided.  M-252  is 
seldom  formed  cold;  it  work  hardens  very 
rapidly,  and  frequent  anneals  are  required. 
This  alloy  is  very  difficult  to  machine;  heavy 
machine  tools  and  sharp  tungsten  carbide  cut¬ 
ting  tools  should  be  used;  for  drilling  and  tap¬ 
ping  operations,  the  alloy  should  be  in  the 
solution-treated  condition.  Weldability  of 
M-252  is  comparable  with  that  of  the 
austenitic  stainless  steels  and  it  should  be 
welded  in  the  solution-treated  condition.  The 
alloy  may  display  hot -shortness  and  be  sensi¬ 
tive  to  strain  cracking. 

M-252  exhibits  very  good  resistance  to  jet- 
engine  gases  up  to  1144  K. 


Some  materia!  specifications  for  M-252  are 
presented  in  Table  6.3.9.0(a). 

TABLE  6.3.9.0(a).  Material  Specifications  for 


M-252  Alloy 


Specification 

Form 

Condition 

AMS  S551 

AMS  5757 

Sheet  and  strip 
Bars  and  forgings 

Solution  treated 
Solution  treated 
and  aged 

Room-Temperature  Properties 


Room-temperature  mechanical  and  physical 
properties  are  presented  in  Table  6.3.9.0(b). 
Figure  6. 3. 9.0  presents  effect-of-temperature 
curves  for  physical  properties. 

6.3.9. 1  Solution  Treated  at  1353  K  and  Aged  at 
1172  K  Condition. — Tensile  properties  at  1089  K 
are  specified  for  M-252  sheet.  The  appropriate 
specification  should  be  consulted  for  detailed  re¬ 
quirements. 

6.3. 9.2  Solution  Treated  at  1339  K  and  Aged  at 
1033  K  Condition. — Stress-rupture  properties  at 
1089  Rare  specified  for  bars  and  forgings;  the  ap¬ 
propriate  specifications  should  be  consulted  for 
detailed  requirements.  Other  elevated-tem¬ 
perature  data  for  this  condition  are  presented  Vi 
Figures  6.3.9.2.1(a)  through  6.3.9.2.8(b).  These 
figures  are  derived  from  data  for  both  sheet  and 
bars  in  this  condition. 
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TABLE  6.3.9.0(B).  OESIG‘1  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

H-252  ALLOY 


SPECIFICATION. 

FORM . . 

CONOIT I  ON . 

THICKNESS,  MM. 
BASIS . 


AMS  5951 _ j _ AMS  575  7 _ 

SHEET  AND  STRIP  I  8ARS  AND  ~F~ORGINGS 
SOLUTION  TREATED  ANO  AGED 


MECHANICAL  PROPERTIES!  j 

FT.U,  HPA  t  | 

FTY,  MPA!  | 

t;::::::::::::::::  i 

FCY,  MPA! 

L . 

LT . 

FSU,  MPA . 

FBRU,  MPA! 

(E/D= 1. 5) .  j 

(E/D=2.  0) .  i 

FBRY ,  MPA!  ! 

(E  7D=  1.5) .  I 

(E/D=  2-0) .  l 

EL,  PERCENT! 

L.. . 

LT . 

EL,  PERCENT! 

L . . 

LT . 

E,  GPA . 

EC,  GPA . 

G,  GPA . 

MU . . . 


PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . . 

C,  J/(G*K> . 

K,  W/(H»K) . 

ALPHA,  10-6  M/(M*K).< 


8.25 

SEE  FIGURE  6. 3. 9.0 

SEE  FIGURE  6. 3. 9.0  .< 

SEE  FIGURE  6. 3. 9.0  f 


a TEST  DIRECTION  LCNGITUOINAL  FOR  WIDTHS  LESS  THAN  229  MM?  TRANSVERSE  FOR 
WIOTHS  229  MM  ANO  OVER. 


b  GRAIN  DIRECTION  NOT  SPECIFIED. 
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FIGURE  6. 3. 9.0.  Effect  of  temperature  on  the  physical 
properties  of  M-252  alloy. 
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FIGURE  6. 3. 9. 2. 1. (a) .  Effect  of  temperature  on  the  ultimate 

tensile  strength  (Ftu)  of  M-252  Alloy. 
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FIGURE  6.3.9.2.1(b). 


Effect  of  temperature  on  the  tensile  yield 
strength  (F  )  of  M-252  aiioy. 
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FIGURE  6. 3. 9. 2. 4.  Effect  of  temperature  on  the  tensile  modulus 
(E)  of  M-252  Alloy. 
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Correlative  Information  for  Figure  6.3.9.2.8(a) 
Product  Form:  Forged  bar,  44.5  mm  diameter  T 

Properties:  TUS,  MPa  TYS.  Temp.K 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  1800  cpm 
Temperature  —  1089  K 
Atmosphere  —  Air 


Specimen  Details:  Unnotclied 

6.35  mm  diameter 


Surface  Condition.  Longitudinally  polished  with  240,000  and  600  grit  belts  to  provide  surface  Pnishg 
-  of  5-8  RMS.  "  i 

Heat  treatment  included  solution  treatment  at  1339  Kfor  4  hours,  air  cooled:} 
aging  at  1033  K  for  15  hours  (packed  in  cast  iron  chips),  air  cooled.  j 
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FICl-RE  6.3.4.2.8(b).  Typical  const.mt-li  fo  dingran  for  fnctgue  and  dvnor.Ie  creep  behavior 
of  solution  treated  and  aged  M-252  forgings  at  1039  K 


Correlative  Information  for  Figure  6.3.9.2.8(b) 


roduct  Form: 

Forged  bar, 

44,5  mm 

diameter 

Test  Parameters: 

Loading  —  Axial 
Frequency  —  1 800  cpm 
Temperature  —  1089  K 
Atmosphere  —  Air 

opertics: 

TUS,  MPa 

TYS,  MPa 

Temp,  K 

1214 

690 

RT 

690 

503 

1089 

.•cimen  Details:  Unnotched 

6.35  mm  diameter 


•  ace  Condition  Longitudinally  polished  with  240, 400  and  600g.  it  belts  to  provide  surface  Finish 

of  5-8  RMS. 

Heat  treatment  included  solution  treatment  at  1339K  for  4  hours,  air  cooled: 
aging  at  1033K  for  15  hours  (packed  in  cast  iron  chips),  air  cooled. 
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6.3.10  RENE  41 

6.3.10.0  Comments  and  Properties. — Rene  41 
is  a  vacuum-melted  precipitation-hardening 
nickel-base  alloy  designed  for  highly  stressed 
parts  operating  between  922  and  1255K.  Its  ap¬ 
plications  include  afterburner  parts,  turbine 
castings,  wheels,  buckets,  and  high-temperature 
bolts  and  fasteners.  Rene  41  is  available  in  the 
form  of  sheet,  bars,  and  forgings. 

Rene'  41  is  forged  between  1450  and  1311 K; 
small  reductions  must  be  made  when  breaking  up 
an  as-cast  structure;  cracking  may  be  encountered 
in  finishing  below  1283  K,Rene'41  works  hardens 
very  rapidly,  and  frequent  anneals  arc  required; 
to  anneal,  heat  rapidly  to  1339  K  for  30  minutes 
and  quench. 

Rene  4 1  is  difficult  to  machine.  In  the  soft  solu¬ 
tion-annealed  condition  it  is  gummy;  therefore,  it 
should  be  in  the  fully  aged  condition  for  optimum 
machinability,  and  tungsten  carbide  cutting  tools 
should  be  used.  Rene' 41  can  be  welded  satisfac¬ 
torily  in  the  solution -treated  condition;  after 
welding,  the  parts  should  be  solution  treated  for 
stress  relief. 

Rcne'41  should  not  be  exposed  to  temperatures 
above  1394  K  during  the  latter  stages  of  hot  wot  k- 
ing  or  during  subsequent  operations,  otherwise, 
severe  intergranular  cracking  may  be  encount¬ 
ered. 

The  oxidation  resistance  of  Rcne'4 1  is  good  up 
to  125  5  K.  Lengthy  exposure  above  the  aging  tern  - 
peraturc  (1033to  1172K)  will  result  in  substan¬ 
tial  loss  of  strength  and  room-temperature 
ductility. 

Some  material  specifications  for  Rene'  41  are 
presented  in  Table  6.3.10.0(a). 


TABLE  6.3.10.0(a).  Material  Specifications  for 


Rene  41  Alloy 


Specification 

Form 

Condition 

AMS  5545 

Plate,  sheet. 

Vacuum  melted. 

and  strip 

solution  treated 

AMS  5713 

Bars  and  forgings 

Vacuum  melted, 
solution  treated 
and  aged 

Two  different  heat  treatments  are  commonly 
recommended  for  Rene'' 41. 


(1)  Solution  treating  at  1339  K  for  2/2  hour 
and  air  cooling* ;  then  again  at  1033K  for 
16  hours  and  air  cooling. 

(2)  Solution  treating  at  1394  K  for  1/2  hour 
and  air  cooling;  then  aging  at  1172  K  for 
4  hours  and  air  cooling. 

The  first  heat  treatment  (1033K  age)  is  used  to 
produce  optimum  strength  properties  at  1033K 
and  below.  The  second  heat  treatment  (1172  K 
age)  is  preferred  for  application  above  1033  K 
because  it  provides  better  dimensional  stability  at 
these  temperatures. 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  arc  shown  in  Table  6.3.10.0(b).  The 
effect  of  temperature  on  physical  properties  is 
shown  in  Figure  6.3.10.0.  Compressive,  shear, 
and  bearing  values  arc  derived  from  published 
data  for  Rene'  1  and  similar  alloys. 

6.3.10.1  Aged  at  1033  K  Condition. — Tensile 
and  stress-rupture  requirements  at  elevated  tem¬ 
peratures  are  specified  for  Rene'  41.  The  ap¬ 
propriate  specification  should  be  consulted  for 
detailed  requirements.  Other  elevated-tem¬ 
perature  data  for  Rene'  41  in  this  condition  are 
presented  in  Figures  6.3.10.1.1(a)  through 
6.3.10.1.5.  A  creep  nomograph  for  Rene'4i  alloy 
sheet  is  shown  in  Figure  6.3.10.1.7. 


»  Current  AMS  specification*  require  solution  treating  at 
1353  K  for  at  least  60  ninutes  per  25  ss  of  thickness  and 
rapid  cooling  in  air  blast  or  quenching  In  oil  or  vacer. 
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TA8LE  6.3.10.0(8).  DESIGN  MECHANICAL  ANO  PHYSICAL  PROPERTIES  OF 

RENE  41  ALLOY. 


SPECIFICATION . 

r  AMS  5545 

AMS  5  713 

FORM . 

SHFFT  ANO  STRIP 

PLiTF 

RAPS.  FnRr.TNRS 

CONDITION . . 

SOLUTION  TREATEO  ANO  AGEO  (  i  m 

K  ) 

THICKNESS*  MM . 

0.13 

0.  50- 

r 

— 

0.49 

4.  75 

>  4.75 

m  m  • 

BASIS . 

S 

A 

B 

S 

A 

B 

MECHANICAL  PROPERTIES! 

r  "  "  ~  "  •  "  T  T  • 

FTU,  MPA! 

a 

. . a . 

1170 

U70a 

1280 

1170 

1170 

1250 

LT . 

1170 

1170 

1280 

1170 

•  •  • 

•  •  • 

FTY ,  MPA! 

L . 

696 

848 

910 

896 

736 

862 

LT . 

696 

648 

910 

896 

•  •  • 

•  »  m 

FCY,  MPA  1 

L . 

•  •  • 

903 

972 

77  9 

738 

862 

LT . 

•  •  • 

945 

1010 

807 

•  •  • 

**• 

FSU.  MPA . 

•  •  • 

745 

814 

814 

758 

807 

FBRU,  MPA! 

(E/0= 1.5) . 

•  •  • 

1680 

1830 

174  0 

•  •  • 

•  •  • 

(E/0=2.Q) . 

•  •  • 

2060 

2240 

2190 

2230 

2360 

F8RY,  MPA! 

(E/D=l #5) ••••••••• 

1320 

1410 

144  0 

•  •  « 

•  •  • 

(E/0=  2*  0 ) •••*«««•• 

1600 

1720 

1740 

1320 

1550 

EL*  PERCENT! 

L . 

•  •  • 

10 

•  •  • 

10 

•  •  • 

•  •  • 

LT . - . 

•  •  • 

... 

•  •  • 

8 

•  •  • 

E»  GPA . 

217. 

.9 

EC,  GPA . 

217.9 

G,  GPA . 

83.4 

MU . 

0.31 

PHYSICAL  PROPERTIES! 

OMEGA,  HG/M3. ........ 

6. 

25 

C,  J/(G*K) . 

SEE  FIGURE  6.3.10.0 

K,  W/(M*K) . 

SEE  FIGURE  6.3.10.0 

ALPHA,  10-6  M/CM*K).. 

SEE  FIGURE  6.3.10.0 

aTHE  A  VALUE  IS  HIGHER  THAN  SPECIFICATION  AS  FOLLOWS!  FTU*=  1227  MPA. 
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FIGURE  6.3.10.1.2(b) 


Effect  of  temperature  on  the  ultimate 
shear  strength  (Fsu)  of  Rene  41  alloy. 
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creep  properties  of  Rene  41  allov  ('sheet'). 


6.3.11  UDIMET  500 

6.3.11.0  Comments  and  Properties. —  Udimet 
500  is  a  vacuum-melted  age-hardenable  nickel- 
base  alloy  possessing  high  strength  up  to  1144  K 
and  oxidation  resistance  up  to  1255  K.  It  is 
designed  primarily  for  gas-turbine  applications, 
such  as  blades,  bolts,  and  other  highly  stressed 
parts.  It  is  available  in  all  the  usual  mill  forms. 

Udimet  500  must  be  handled  very  carefully 
during  forging  operations  because  of  its  tendency 
to  crack.  It  has  a  narrow  hot-working  range  ex¬ 
tending  from  1450  to  1311  K.  Cold  forming  is 
usually  not  considered  for  this  alloy;  it  has 
limited  formability  in  the  solution-treated  condi¬ 
tion  and  requires  frequent  anneals.  Because  of  its 
strength  and  work-hardening  characteristics, 
Udimet  500  is  very  difficult  to  machine,  and 
grinding  is  usually  required  for  finish  machining. 
Optimum  machinability  is  obtained  in  the  solu¬ 
tion-treated  condition,  although  the  aged  condi¬ 
tion  may  be  required  in  finish  machining;  heavy 
machine  tools  and  sharp  carbide  cutting  tools  are 
required.  Welding  should  be  done  only  in  the 
solution-treated  condition.  This  alloy  may  exhibit 
hot-shortness  and  be  sensitive  to  strain  cracking. 
Weldments  will  have  lower  strength  than  the 
heat-treated  material  and  should  be  located  in 
low-stress  areas. 

Udimet  500  possesses  excellent  resistance  to  at¬ 
tack  by  jet-engine  gases  up  to  1172  K.  It  forms  a 
strong,  closely  adherent  oxide  film  which  protects 
it  from  progressive  attack. 

Some  material  specifications  for  Udimet  500 
are  presented  in  Table  6.3.1 1.0(a). 


TABLE  6.3.11.0(a).  Material  Specifications  for 
Udimet  500  Alloy 


Specification 

Form 

Condition 

AMS  5751 

Bars  and  forgings 

Solution  treated. 

stabilized  and 

aged 

AMS  5753 

Bars  and  forgings 

Solution  treated 

Room-Temperature  Properties 

Mechanical  properties  at  room  temperature  are 
not  specified  for  this  alloy.  Consequently,  values 
were  derived  for  room -temperature  properties 
from  such  considerations  as  specified  minimum 
tensile  properties  at  922  K,  ratios  of  tensile  ulti¬ 
mate  and  yield  strengths  at  922  K  to  those  at 
room  temperature,  and  producers’  typical  and 
guaranteed  minimum  tensile  properties.  These 
values  are  presented  in  Table  6.3.1 1.0(b).  Com¬ 
pression,  shear,  and  bearing  values  were  derived 
from  published  data  for  Udimet  500  and  similar 
alloys.  The  effect  of  temperature  on  physical 
properties  is  shown  in  Figure  6.3.1 1.0. 

6.3.11.1  Solution-Treated,  Stabilized,  and  Aged 
Condition. — Elevated-temperature  tensile  and 
stress-rupture  requirements  are  specified  for  this 
alloy.  The  apptopriate  AMS  specification  should 
be  consulted  for  detailed  requirements.  Other  ele¬ 
vated-temperature  property  data  for  Udimet  500 
are  presented  in  Figures  6.3.11.1.1(a)  through 
6.3.11.1.8(b). 


» 
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TABLE  6.3.11.0(B) 


UEST1*  ’  :■■■ '  ,.*':'V.AL  AND  PHYSICAL  PROPERTIES  OF 
U&i.V  5 or  ■  3Y 


specification .  . 

FORM .  ' _ 

CONDITION . .  [__SOLUTiQl 

BASIS . . .  DERIVED  V 


_ AMS  5 751 _ 

P4TS  AN  0_F  0  RG I N G S" 

'  ,EATED>  STABILIZED r_AND_ A GEO. 
(SEE  TEXT) 


MECHANICAL  PROPERTIES! 

FTU.  MPA .  i 

1280 

FTY  ,  MPA .  1 

827 

FCY «  MPA .  ; 

827 

FSU,  MPA .  ! 

FBRUt  MPA!  ! 

527 

! 

(E/0-1.5) . 

•  •  • 

(E/D=2.0) . 

FBRY,  MPA J 

2420 

(E/0= 1. 5) . 

•  •  • 

(E/0=2.  . . 

1490 

EL,  PERCENT. «... . 

10 

E,  GPA . 

213.7 

EC,  GPA . 

•  •  • 

G,  GPA . 

•  •  • 

MU . 

•  •  • 

PHYSICAL  PROPERTIES! 

OMEGA,  MG/M3 . .. 

8.C3 

C,  J/(G*K> . 

SEE  FIGURE  6.3.11.0 

K,  W/(M*K) . 

i  SEE  FIGURE  6.3.11.0 

ALPHA,  10-6  M/(M*K).. 

i  SEE  FIGURE  6.3.11.0 
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FIGURE  6.3.11.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile 

strength  (Ffc  )  of  Udimet  500  alloy. 
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FIGURE  6.3.11.1.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F  )  of  Udimet  500  alloy. 
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Effect  of  temperature  on  the  compressive 
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FIGURE  6.3.11.1.2(b).  Effect  of  temperature  on  the  ultimate  shear 

strength  (F  # )  of  Udimet  500  alloy, 
s  y 
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FIGURE  6.3.11.1.3(a).  Effect  of  temperature  on  the  ultimate  bearing 

strength  )  of  Udimet  500  alloy. 
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FIGURE  6.3.11.1.4.  Effect  of  temperature  on  the  tensile  and 

compressive  moduli  (E  and  E  )  of  Udimet  500 
alloy. 
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Correlative  Information  for  Figure  6.3.1 1.1.8(a) 


Product  Form:  Roller  bar,  19.1  mm  diameter 


j  Properties:  TUS,  MPa  TYS,  MPa  Temp,  K 


(no  properties  given) 
Specimen  Details:  Unnotched 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  3600  cpm 
Temperature —  922  K 
Atmosphere  —  Air 


Unnotched  Notched,  V -Groove,  Kt  =  3.4 

5.08  mm  diameter  9.53  mm,  gross  diameter 

6.35  mm,  net  diameter 
0.25  mm,  root  radius,  r 
60°  flank  angle,  w 

Kn=  2.41, p=  0.0559  mm,where Kn=  1  + 


K,  -  1 

HI 

y  —  uJ  x 


Surface  Condition:  Unnotched:  Longitudinal  polish  with  400  grit. 

Notched:  Notched  polish  with  600  grit. 
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,1 


A:  JOO 
p= -050 


Test  Conditions 

Unnotched - 

A=a> 

A  =  0.8 
A=  0.25 
A  =0.0 

Notched - 

Kt=  5.1 

A=co  A=  0.25 
A =0.8  A  =  0.0 


-1000  -  800  -COO  -'S'W  -200  O  200  -OO  600  800  1000  1200  WOO  IGOO 

t/iriimjm  Stress,  MPo 

nun.  (..  1.11.1.8(1.).  H  ...it  con  ,'I.ier.f  f.-r  f.t(  ip-,  In-h.ivlor  of  s,.)ut  lon-Crraird  niht 

.i..-1  t.'ii,.  i  -■  >  til...  |  ir  ,ii  n;:  i. 


Correlative  Information  for  Figure  6.3.1 1.1.8(b) 
Product  Form:  Rolled  bar,  19.1  mm  diameter  T< 


Test  Parameters: 

Loading  —  Axial 
Frequency  —  3600  cpiTt 
Temperature —  1172  K 
Atmosphere  —  Air 


Properties:  TUG,  MPa  TYS.MPa  Temp,  K 

579  —  1172  (Unnotched) 

—  —  1172  (Notched) 

Specimen  Detail:  Unrtotchcd  Notched.  V-Groovc.  K,  =  3.4 

5.08  mm  diameter  9.53  mm,  gross  diameter 
6.35  mm,  net  diameter 
0.25  mm,  root  radius,  r 
60°  flank  angle,  to 

Surface  Condition:  Unnotched:  Longitudinal  polish  with  400  grit. 

Notched:  Notch  polish  with  600  grit. 


6.3.12  WASPALOY 


6.3.12.0  Comments  and  Properties. — Waspaloy 
is  a  vacuum-melted  precipitation-hardened 
nickel-base  alloy  which  is  strengthened  by  the 
precipitation  of  titanium  and  aluminum  com¬ 
pounds  and  the  solid-solution  strengthening 
effects  of  chromium,  molybdenum,  and  cobalt. 
The  alloy  is  designed  for  highly  stressed  parts 
operating  at  temperatures  up  to  1116  K,  such  as 
aircraft  gas  turbine  blades  and  discs  and  rocket 
engine  parts.  It  is  available  in  all  the  usual  mill 
forms. 

The  optimum  range  for  forging  is  1394  to  1311 
K.  Avoid  working  the  alloy  below  1311 K  due  to 
danger  of  cracking  and  also  decreasing  the  stress- 
rupture  life.  Sufficient  soaking  time  between  heat¬ 
ing  is  necessaty  to  insure  complete  rccrystaliza- 
tion;  however,  avoid  excessive  long-time  soaking 
at  the  high  forging  temperature.  Furnace  at¬ 
mospheres  should  be  either  neutral  or  slightly  ox¬ 
idizing  to  prevent  carburization  and  to  minimize 
scaling. 

Waspaloy  is  relatively  difficult  to  machine. 
Drilling,  turning,  etc.,  can  best  be  accomplished 
in  the  solution-treated  and  partially  aged  condi¬ 
tion.  Generally,  carbide  tools  are  preferred,  and 
positive  feeds  are  required  to  avoid  work  harden¬ 
ing  For  finish  machining,  grinding  is  preferable. 

Waspaloy  is  susceptible  to  hot  cracking  or  “hot 
shortness”  above  1450  K,  therefore,  extreme  care 
should  be  exercised  in  the  design  of  weldments  so 
that  restraint  can  be  minimized.  Waspaloy  should 
be  welded  in  the  annealed  condition,  with 
minimum  heat  input,  and  with  rapid  cooling  by 
means  of  chill  bars  and  gas  backup. 

This  alloy  has  good  resistance  to  oxidation  at 
temperatures  up  to  1228  K  and  to  combustion 
(products  encountered  in  aircraft  gas  turbines. 


Some  material  specifications  for  Waspaloy  are 
presented  in  Table  6.3.12.0(a). 


TABLE  6.3.12.0(a).  Material  Specifications  for 
Waspaloy 


Specification 

Type  of  Product 

AMS  5544 

Plate,  sheet,  strip 

AMS  5704 

Forgings 

AMS  5706 

Bars,  forgings,  rings 

AMS  5707 

Bars,  forgings,  rings 

AMS  5708 

Bars,  forgings,  rings3 

AMS  5709 

Bars,  forgings,  rings3 

aPrtmaril>  for  applications  requiring  high  stress-rapture 
strength. 


Two  heat  treatments  are  listed  for  this  material. 
One  is  for  optimum  tensile  strength  (solution 
treated  1269-1311K,  stabilize  1116  K,  24  hours 
air  cool,  and  age  16  hours  at  1033  Kair  cool),  and 
the  other  for  stress-rupture  properties  (solution 
treated  1353  K.  stabilize  1116  K.  24  hours  air 
cool,  age  1033  K  16  hours  air  cool). 

Room-Teinperature  Properties 

Room-temperature  mechanical  properties  are 
shown  in  Table  6.3.12.0(b).  Physical  properties 
at  room  and  elevated  temperatures  are  shown  in 
Figure  6.3.12.0. 

6.3.12.1  Aged  Condition. — The  effect  of  tem¬ 
perature  on  tensile  properties  and  modulus  of 
elasticity  are  presented  in  Figures  6.3.12.1.1(a) 
through  6.3.l2.!.5(bV  Typical  tensile  stress- 
strain  curves  (computed)  are  presented  in  Figure 
6.3.12.1.6(a).  The  effect  of  temperature  on  the 
Ramberg-Osgood  parameter  n  (tension)  is  pre¬ 
sented  in  Figure  6.3.12.1.6(b). 
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TABLE  6.3.12.0(B).  DESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 

HASPALOY 


SPECIFICATION 


MECHANICAL  PROPERTIES* 
FTU,  MPA  t 


LT . 

FTY,  MPA  1 

i _ _  _ 


LT . 

FCY«  MPA l 

i _ 


LT. . . 

FSU «  MPA . 

FBRUi  MPAS 

(E/0=1.5) . 

<E/0*=2.0) . 

FBRY,  MPAS 

(E/0=1 . . 

<E/0=2.0> . 

EL,  PERCENTS 

i 


LT . 

EL,  PERCENTS 

l.., . 

LT . . 

E,  GP A . 

EC,  GPA . 

EC,  GPA . 

G,  GPA . 

MU . 


AMS  5544 


SHEET,  STRIP,  AND  PLATE 


AMS  5704 

AMS  5706  AND 

I 

I  AHS  5707 

forgings  bars,  forgings 

AND  RINGS 


•tUfrl 


211.0 


PHYSICAL  PROPERTIES* 

| 

OMEGA,  MG/H3 .  . . | 

I  8.19 

C,  J/(G*K) . 

SEE  FIGURE  6.3.12.0 

K,  H/(M*K) . 

SEE  FIGURE  6.3.12.0  ] 

ALPHA,  10-6  M/(M*K>.. 

SEE  FIGURE  6.3.12.0  j 

300  400  500  600  700  800  900  1000  1100 


Temperature,  K 

FIGURE  6.3.12.1.1(a).  Effect  of  temperature  on  ultimate  tensile 

strength  (F  )  of  Waspaloy. 


FIGURE  6.3.12.1.1(b).  Effect  of  temperature  on  tensile  yield 

strength  (F  )  of  Waspaloy. 
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Percent  E  at  Room  Temperature 


100 


300  4 CO  500  600  700  800  900  1000  1100  120 

Temperature,  K 


FIGURE  6.3.12.1.4.  Effect  of  temperature  on  the  modulus  of  elasticity 

(E)  of  Waspaloy. 


Percent  Reduction  in  Area  (RA)  §  Percent  Elongation  (e) 


300  400  500  600  700  800  900  1000  1100 

Temperature,  K 

RE  6.3.12.1.5(a).  Effect  of  temperature  on  elongation  (e) 
of  Waspaloy. 


FIGURE  6.3.12.1.5(b).  Effect  of  temperature  on  reduction  in  area 

(RA)  of  Waspaloy  (bars  and  forgings). 


6.4  Cobalt-Base  Alloys 

6.4.0  GENERAL  COMMENTS.— The  use  of 
cobalt  in  wrought  heat-resistant  alloys  is  usually 
limited  to  additions  of  cobalt  to  alloys  of  other 
bases.  Very  few  of  the  heat-resistant  alloys  can  be 
considered  as  cobalt  base,  since  cobalt  is  seldom 
the  predominating  element.  For  airframe  applica¬ 
tions,  some  workability  is  usually  required;  the 
alloys  considered  in  this  section  are  limited  to 
those  presently  available  in  wrought  form. 

6.4.0. 1  Metallurgical  Considerations 

ComposiFon. — The  common  alloying  elements 
for  cobalt  are  chromium,  nickel,  carbon,  molyb¬ 
denum,  and  tungsten.  Chromium  is  added  to  in¬ 
crease  strength  and  oxidation  resistance  at  very 
high  temperatures;  nickel  is  added  to  increase 
toughness;  carbon  is  added  to  increase  the  hard¬ 
ness  and  strength,  expecially  when  combined  with 
chromium  and  the  other  carbide  formers,  molyb¬ 
denum  and  tungsten;  molybdenum  and  tungsten 
also  contribute  to  solid-solution  strengthening. 

Vacuum  melting  is  not  required  for  these 
alloys.  For  this  reason,  the  cobalt-base  alloys  are 
often  competitively  priced  with  vacuum-melted 
nickel-base  alloys  although  the  price  of  cobalt  is 
higher  than  that  of  nickel. 

Heat  Treatment. — The  cobalt-base  alloys  are 
heat  treated  with  conventional  equipment  and  fix¬ 
tures  such  as  would  be  used  with  austenitic  stain¬ 
less  steels.  The  use  of  good  heat-treating  practices 
is  recommended,  although  this  is  not  so  critical  as 
in  the  case  of  the  nickel-based  alloys. 

6.4. 0.2  Manufacturing  Considerations 

Forging. — Because  these  alloys  are  designed  to 
have  very  high  strength  at  temperatures  near  the 
forging  range,  they  require  the  use  of  heavy  forg¬ 
ing  cquipriicnt.  However,  the  forgeability  of  these 
alloys  is  good  over  a  fairly  wide  range  of  tem¬ 
peratures.  Hot-cold  working  is  neither  required 
nor  recommended  for  these  alloys. 

Cold  Forming. — These  alloys,  when  in  the 
solution-treated  condition,  have  excellent  duc¬ 


tility  and  are  readily  cold  formed.  Because  of 
their  capacity  for  work  hardening,  they  require 
higher  forming  pressures  and  frequent  anneals. 

Machining.— These  alloys  are  tough  and  they 
work  harden  rapidly;  consequently,  heavy-duty 
vibration-free  machine  tools,  sharp  cutting  tools 
(high-speed  steel  or  carbide  tipped),  and  low  cut¬ 
ting  speeds  are  required. 

Welding. — The  weldability  of  the  cobalt-base 
alloys  is  comparable  with  that  of  the  austenitic 
stainless  steels.  Welding  may  be  accomplished  by 
all  commonly  used  welding  processes.  Large  or 
complex  weldments  require  stress  relief. 

Brazing.— These  alloys  can  be  brazed  without 
subsequent  stress  relief. 

6. 4. 0.3  Special  Precautions. — If  the  cobalt-base 
alloys  have  not  been  exposed  to  neutron  radia¬ 
tion,  no  special  safety  precautions  in  handling  are 
required.  However,  neutron  irradiation  creates  a 
very  dangerous  radioactive  isotope,  cobalt  60, 
which  has  a  half  life  of  about  5.2  years.  Special 
precautions  must  be  employed  to  protect  person¬ 
nel  from  the  radioactive  material. 

6.4.1  L-605 

6. 4. 1.0  Comments  and  Properties. — L-605,  also 
known  as  Haynes  Alloy  25,  is  a  corrosion  and 
heat-resistant  cobalt-base  alloy  used  for 
moderately  stressed  parts  operating  between  811 
and  1311  K.  Its  applications  include  gas-turbine 
blades  and  rotors,  combusion  chambers,  and 
after-burner  parts.  L-605  is  not  hardcnablc  ex¬ 
cept  by  cold  working  and  is  usually  used  in  the 
annealed  condition.  It  is  available  in  all  the  usual 
mill  forms. 

L-605  forges  moderately  well  between  1505 
and  1311K.  In  the  annealed  condition,  it  has  ex¬ 
cellent  formability  at  room  temperature;  severely 
formed  parts  should  be  annealed  at  1491  K  for  7 
to  10  minutes.  L-605  is  difficult  to  machine.  Its 
toughness  and  capacity  for  work  hardening 
necessitate  the  use  of  sharp  tools  and  low  cutting 
speeds;  high-speed  steel  or  carbide  cutting  tools 
arc  recommended.  L-605  can  be  fusion  or 
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resistance  welded  or  brazed;  large  or  complex  fu¬ 
sion  weldment  should  be  st/css  relieved  at  978  K 
for  2  hours. 


Room-Temperature  Properties 


This  alloy  has  excellent  oxidation  resistance  up 
to  1311 K. 

Some  material  specifications  for  L-605  arc 
presented  in  Table  6.4.1.0(a). 


TABLE  6.4.1.0(a).  Material  Specifications  for 
L-605  Alloy 


Specification 

Form 

Condition 

AMS  5537 

Sheet 

Solution  treated 
(annealed) 

AMS  5759 

Bars  and  forgings 

Solution  treated 
(annealed) 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  6.4.1.0(b).  The 
effect  of  temperature  on  physical  properties  is 
shown  in  Figure  6.4. 1.0. 

6. 4. 1.1  Solution  Treated  Condition. — Elevated 
temperature  properties  for  this  condition  are  pre¬ 
sented  in  Figures  6.4.1.1.1(a)  through  6.4. 1.1.5. 
A  creep  nomograph  is  shown  in  Figure  6.4. 1.1. 7. 


FIGURE  6.4. 1.0.  Effect  of  temperature  on  the  physical 
properties  of  L-605  alloy. 


V'  ■*=  W*l!  ^ 1 
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■  •«', 


tasle  6.4. i.o (3),  design  mechanical  and  physical  properties  of 
L-63  5  ALLOY 


AMS  5537  I  AMS  5759 


SHEET  : PLATE  •  BARS  AND  FORGINGS 


SOLUTION  TREATED 


25  - 
4.75 


B 


MECHANICAL  PROPERTIES  t 


F8RU  ,  MPA  l 
( E/D=l. 5) 
( E/0=2. 0  ) 
FBRY .  MPA  t 
<E/0=1.51 


896 


379  I  414  3^9 


<E/D=2. 0) 

•  r  •  • 

EL»  PERCENTt 

. . 

LT . 

E,  G  PA . 

EC,  GPA . 

G,  GPA . 


PHYSICAL  PROPERTIES: 

OMEGA,  MG/M3 . 

C,  J/<G'<> . 

K,  W  /  ( M*K» . 

ALPHA,  10-6  M/{M*<) 


9.13 

0.38  (294  -  373K) 


a GRAIN  DIRECTION  NOT  INDICATED. 

b  THE  A  VALUE  IS  HIGHER  THAN  SPECIFICATION  VALUE  AS  FOLLOWS!  FTY 
c30-<  0.520  :35-0.521  TO  0.325  MM :  40  =  0.826  TO  1.  092  ?45->  1.092. 


=  386  HP 


Strength  at  temperature 
Exposure  up  to  -4-  hr 


300  400  500  600  700  800  900  1000  1100  i200  1300 

Temperature,  K 

FIGURE  6.4.1.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile  strength 

(Ftu)  of  L-605  alloy  (sheet). 


300  400  500  600  700  800  900  1000  1100  1200  130 

Temperature,  K 

FIGURE  6.4.1.1.100 .  Effect  of  temperature  on  the  tensile  yield  strengt 

(FCv)  of  L-605  alloy  (sheet). 
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300  400  500  600  70 0  800  900  1000  1100  1200  1300 

Temperature,  K 

FIGURE  6.4.1.1.2(a).  Effect  of  temperature  on  the  compressive  yield  strength 

(FcV)  of  L-605  alloy  (sheet). 


Strength  at  temperature 
Exposure  up  to  4-  hr 
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Temperature,  K 

FIGURE  6.4.1.1.2(b).  Effect  of  temperature  on  the  ultimate  shear  strength 

(7C„)  of  L-605  alloy  (sheet). 
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Strength  at  temperature 
Exposure  up  to  j  hr 


e/D=l.5  and  2.0 


300  400  500  600  700  800  900  1000  1100  1200  1300 

Temperature,  K 

FIGURE  6. 1 -1.1.3(a)  -  Effect  of  temperature  on  the  ultimate  bearing  strengt 

(Fbru)  of  L-6C5  alloy  (sheet). 


o  40 


Strength  at  temperature 
Exposure  up  to  4 -hr 
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Temperature,  K 

rIGLRE  6.4.1.1.3(b).  Effect  of  temperature  on  the  bearing  vield  strenetl 

(tbrv)  L-605  alloy  (sheet). 
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GURE  6.4.1.1.4(a).  Effect  of  temperature  on  the  tensile  modulus  (E)  of  L-6G5  alloy. 
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FIGURE  6.4.1.1.4(b).  Effect  of  temperature  on  the  shear  modulus  (G) 

of  L-605  alloy. 
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FIGURE  6. 4. 1.1.5.  Effect  of  temperature  on  the  elongation  (e)  of  L-605 
alloy  (>.508  thickness). 
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Typical  creep  properties  of  L-605  alloy  (sheet). 


Chapter  7 

BERYLLIUM  AND  SPECIAL  PURPOSE  METALS  AND  ALLOYS 


7.1  General 

This  chapter  contains  the  engineering  prop¬ 
erties  and  related  characteristics  of  beryllium  and 
various  special  purpose  metals  and  alloys. 

In  addition  to  the  strength  properties  which 
are  reported  in  other  material  chapters,  some 
properties  or  characteristics  may  be  found  in 
this  chapter  relating  to  the  special  purposes  or 
uses  of  these  alloys.  For  example,  the  electrical 
conductivity  is  reported  for  the  copper-base 
alloys  and  a  section  is  included  on  toxicity  of 
particles  of  beryllium  and  its  compounds,  such 
as  beryllium  oxide. 

The  organization  of  the  chapter  is  in  sections 
by  base  metal  and  subdivided  as  shown  in  Ta¬ 
ble  7.1. 


TABLE  7.1.  Beryllium  and  Special  Purpose  Metals 


Index 

Section 

Designation 

7.2 

Beryllium 

7.2.1 

1  Vacuum  hot-pressed  shapes  (S200E  and  HP20) 

7.2.2 

Cross-rolled  sheet  (SR200D  and  PS20) 

7.3 

Copper  and  copper  alloys 

7.3.1 

Tin  bronzes 

7.3.2 

Manganese  bronzes 

7.3.3 

Aluminum  bronzes 

7.3.4 

Beryllium  coppers 

7.4 

MP3SN  Alloy 

7.2  Beryllium 

7.2.0-GENERAL 


This  section  contains  the  engineering  properties 
and  related  characteristics  of  beryllium  used  in 
aerospace  structural  applications.  Effects  of  ele¬ 
vated  temperature  on  these  properties  are  in¬ 
cluded.  Where  available,  other  properties  and 
characteristics  are  included.  Factors  influencing 
design  values  and  procedures  are  included  in  the 
comments  relating  to  specific  properties. 


Beryllium  is  a  lightweight,  high  modulus, 
moderate  temperature  metal  which  is  advan¬ 
tageous  for  specific  aerospace  applications.  It 
is  available  in  the  form  of  vacuum  hot-pressed 
shapes  and  cross-rolled  sheet.  Properties  are  in¬ 
cluded  in  MIL-HDBK-5  for  these  two  forms. 
Beryllium  is  also  available  as  plate  and  foil,  forg¬ 
ings,  extrusions,  and  drawn  wire,  although 
not  covered  by  government  specification  for 
these  forms.  Structural  designs  utilizing 
beryllium  sheet  should  allow  for  anisotropy, 
particularly  the  very  low  short  transverse  prop¬ 
erties.  Because  of  the  low  ST  properties,  sheet 
cannot  be  bent  or  formed  at  low  temperatures.  To 
insure  that  design  properties  are  retained  in  the 
finished  part,  the  final  machined  surface  should 
be  etched  to  remove  any  damage  left  by  machin¬ 
ing  operations.  Additional  information  on  the 
fabrication  of  beryllium  may  be  found  in 
References  7.20  (a)  through  (f). 

7.2.0. 1  Manufacturing  Considerations — 

Machining. —  Carbide  tools  are  most  often  used 
in  machining  beryllium.  Mechanical  metal 
removal  techniques  generally  cause 
microcracks  and  twins.  Finishing  cuts  are 
usually  0 .125  mm  to  0.050  mm  or  less  in 
depth  to  minimize  surface  damage.  Although 
most  machining  operations  are  performed 
without  coolant,  to  avoid  as  far  as  possible 
contamination  of  the  chips,  the  use  of  coolant 
can  reduce,  in  some  cases,  the  depth  of  damage 
and  give  longer  tool  life.  See  Reference 
7.2.0(c)  for  more  information.  Finish  machin¬ 
ing  should  be  followed  by  chemical  etching  to 
remove  the  machining  damage,  normally 
0.050  mm  minimum,  from  structurally  loaded 
parts.  A  combination  of  1005  K  stress  relief 
followed  by  an0.0125  mm  etch  does  not  restore 
full  structural  properties,  but  may  be  accepta¬ 
ble  for  close  tolerance  parts.  Damage-free 
metal  removal  techniques  include  chemical 
milling  and  electrochemical  machining. 

Joining. — Parts  may  be  joined  mechanically 
by  riveting,  but  only  by  squeeze  riveting  to 
avoid  damage  to  the  beryllium,  by  bolting, 
threading,  or  by  press  fitting  specifically 
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designed  to  avoid  damage.  Parts  also  may  be 
joined  by  brazing,  soldering,  braze  welding, 
adhesive  bonding,  and  diffusion  bonding.  Fu¬ 
sion  welding  is  not  recommended  at  this  time. 
Brazing  may  be  accomplished  with  zinc, 
aluminum-silicon,  or  silver-base  filler  rnela’s. 
Many  elements,  including  copper,  may  cauu: 
embrittlement  when  used  as  brazing  filler 
metals.  However,  specific  manufacturing  tech¬ 
niques  have  been  developed  by  various 
beryllium  fabricators  to  use  many  of  the  com¬ 
mon  braze  materials.  For  each  method  of  join¬ 
ing,  specific  detailed  procedures  must  be 
followed  to  insure  success.  Reference  7.2.0(f). 

Surface  Treatment. — A  surface  treatment 
such  as  chemical  etching  to  remove  the 
machined  surface  of  metal  is  recommended  to 
insure  the  properties  specified.  All  of  the 
design  allowables  are  for  material  so  prepared. 
This  surface  treatment  is  especially  important 
when  beryllium  is  to  be  mechanically  joined. 
Reference  7.2.0(d)  has  data  on  etching  solu¬ 
tions  and  procedures. 

Toxicity  Hazard.— Particles  of  beryllium 
and  its  compounds,  such  as  beryllium  oxide, 
are  toxic,  so  special  precautions  to  prevent  in¬ 
halation  must  be  taken.  Reference  7.2.0(a) 
through  (c)  outlines  the  hazard  and  methods  to 
control  it. 

7.2.1  VACUUM  HOT-PRESSED  SHAPES 
(S200E  and  HP20). 

7.2. 1 .0  Comments  and  Room-Temperature  Prop¬ 
erties. — The  vacuum  hot-pressed  shapes  arc  pro¬ 
duced  from  beryllium  powder  with  a  2  percent 
maximum  beryllium  oxide  content  and  no  alloy¬ 
ing  elements,  though  residual  impurities  of  Fe  and 
A1  on  excess  of  about  1 50  ppm  may  affect  proper¬ 
ties.  Numerous  other  compositions  are  available 


for  special  purposes  but  are  not  yet  covered  in  this 
document.  A  material  specification  for  hot- 
pressed  shapes  is  presented  in  Table  7.2.1.0(a). 


Table  7.2.1.0(a).  Material  Specification  for 
Vacuum  Hot-Pressed 
Beryllium  Shapes 


Specification 

Form 

MIL-B-21531 

Bars,  rods,  and  shapes 

Beryllium  hot-pressed  block  can  be  forged, 
rolled,  extruded,  drawn  and  shear  formed  but 
requires  temperatures  of  644  K  and  higher 
because  of  the  brittleness.  A  temperature  range 
of  811-1033  K  is  recommended.  Forming 
procedures  are  given  in  more  detail  in 
Reference  7.2.0(b). 


Room-Temperature  Properties 

Hot-pressed  shapes  are  anisotropic  in 
nature.  The  room  -temperature  transverse  yield 
and  ultimate  strength  have  been  found  to  be 
higher  than  the  longitudinal  properties  and  the 
certifying  data  may  be  run  transverse  and  thus 
reflect  the  higher  properties.  Room-tem¬ 
perature  mechanical  and  physical  properties 
are  shown  in  Table  7.2.1.0(b).  Notch  tensile  1 
test  data  are  available  in  Reference  7.2.1.0(a).  1 

The  effect  of  temperature  on  physical  proper-  ; 
ties  is  shown  in  Figure  7. 2, 1.0. 

At  present  S200E  and  HP20  products  are 
available  only  in  the  vacuum  hot-pressed  con¬ 
dition. 

7. 2. 1.1  Vacuum  Hot-Pressed  Condition. — The 
effect  of  temperature  on  the  mechanical  prop¬ 
erties  of  vacuum  hot-pressed  beryllium  is  pre-  I 
sented  in  Figures  7.2.1.1.1(a)  through  7.2. 1 . 1 .5.  I 
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TABLE  7. 2. 1.0  (B) 


OeSIGN  MECHANICAL  ano  physical  properties  of 

VACUUM  HOT-PRESSEO  BERYLLIUM  (BARS,  ROOS,  AND  SHAPES) 


SPECIFICATION . 

FORM...  . . 

CQNOITI ON  . . . 

PRESSING  SIZE,  KG  . 

BASIS . 


— — ——  •** 

HIl-T-21531 _ 

BARS,  ROOS,  ANO  SHAPE~5 


AS  HOT  PRESSEO 


1 

<.  2268 

;  >~im — 

A 

! 

3 

A  I 

3 

MECHANICAL  PROPERTIES! 

FTU,  MPA!  ; 

276 

303 

2  62 

290 

L  T  . . 

276 

324 

276 

303 

FTY ,  MPA  1  j 

L .  1 

186 

221 

179 

20C 

LT .  ’ 

186 

221 

179 

200 

FCY,  MPA!  ! 

L .  , 

186 

221 

179 

2C0 

LT .  : 

186 

221 

179 

200 

FSU,  MPA .  , 

228 

248 

•  •  • 

«  •  • 

FBRU  ,  MPA!  j 

(  . . .  i 

607 

689 

•  *  * 

#  •  « 

(  E/0=2.  0  ) .  | 

758 

862 

•  •  • 

FBRV,  MPA!  1 

(E/0=1.  5) .  ! 

•  •  • 

•  •  • 

•  •* 

•  •  • 

(E/0=2.0> .  j 

•  •  • 

•  •  • 

•  •  • 

•  •  • 

EL,  PERCENT!  i 

L . .  ! 

... 

•  •  • 

1 

•  •  • 

t .  : 

1 

•  •  • 

1 

•  •  • 

E  ,  G  PA .  r 

293 

0 

EC,  GPA .  j 

2  93 

.0 

G,  GPA .  , 

137 

.9 

HU . 

0 

.10  (L  AND  T) 

PHYSICAL  PROPERTIES:  S 

OMEGA,  MG/M3 . ........  i 

1 

.83  (MIN.) 

C,  J/(G*K) . .  : 

SEE  FIGURE  7. 2. 1.0 

K»  W/  (H*K) .  , 

SEE  FIGURE  7. 2. 1.0 

ALPHA,  10-6  M/ (M* K) . .  : 

SEE  FIGURE  7. 2. 1.0 

****  *  “  **********  ,  *********  •  *****  *  *******  **  ************* 
^SRAiN  DIRECTION!  L  -  PARALLEL  TO  PRESSING  DIRECTION 
T  -  NORMAL  TO  PRESSING  DIRECTION. 

^HE  A  VALUE  IS  HIGHER  THAN  SPECIFICATION  AS  FOLLOWS!  FTU(T)  a  296  MPA. 


7-3 


f 


[»*inra  J 

Imnim 
I ■■■»■■■■■■ 

llllllMIIII 


SmSrSmS 

uwmmmmmin 


kskssssesr:: 


ess: 


isajjHi;;asa8aaa;l 

AHHIiaailinMMiiiiiiil 


iiiiiiiiiiSii 


iMaii 

iuii 


I  aaaaaavaa. 


aanaaa 
«  Mama  a  a 


■IWHOj.' 

IBI1MI 


■■iiiaauuuiinr^ 

WM - r 


Ijsaaiai 

■mers:E: 


cawBaaaiSffiaBl 


ySSBSa 


5SKH 


ri: 


SSSSSESl 

Miniani 

haaaaaa 


IWiliWiBWn 


BESS!  ESS! 


bbsssss: 


Mail 

jp—  kmunn  1 
RMiniMI 
iuiMiaiaiia 
■RaMiianii 
IIWMIWMi 
iUBnuasn 
■■aaaaaaaaaa 


HSHl 


iESSSSSE 


iaaaaaiaai 


S' 


pnManiiMni 

■maimiEiiiiiMi 
1 5 


laaaaaaaa! 


iwiwwma— ■■■— 


:::: 


aaaaaaaaaa  I 


laavaamaaiaBi 


aapaaa 

anna 


■■■a^^aaaaaaaaa 


liaaainaa 

Itianana 

■afiaaH 


nnuKinniia 

aauiaaaaaanaa 


■■■■iiaiiiiiia 
MMHaMlWK— 
paaniiiiiMMi 


— aaaaamaaaaaaaa— a 


—sasgasssssssss 

5gWj»gwi|!iiSS5BS!U 


a  -  Between  300  K  and  indicated  temperature 
K  -  At  indicated  temperature 
C  -  At  indicated  temperature 


Temperature,  K 

FIGURE  7. 2.1.0.  Effect  of  temperature  on  the  physical 
properties  of  beryllium  vacuum  hot- 
pressed  shapes. 


Percent  Ft  at  Room  Temperature  ^  Percent  F<u  at  Room  Temperature 


2.1.1.1(a).  Effect  of  temperature  on  the  ultimate  tensile  strength 
(F  )  of  vacuum  hot-pressed  beryllium  (bars,  rods, 
and  shapes) . 


FIGURE  7.2.1.1.1(b).  Effect  of  temperature  on  the  tensile  yield  strength 

(F  )  of  vacuum  hot-pressed  beryllium  (bars,  rods, 
and-  shapes) . 
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Temperature,  !< 

FIGURE  7.2.1.1.2(b).  Effect  of  temperature  on  the  ultimate  shear  strength 

(F  )  of  vacuum  hot-pressed  beryllium  (bars,  rods, 
anfjushapes) . 


300  400  500  600  700  800  900  1000  1 100 

Temperature,  K 


FIGURE  7.2.1.1.3(a). 


Effect  of  temperature  on  the  ultimate  bearing  strength 
(F  )  of  vacuum  hot-pressed  beryllium  (bars,  rods, 

8  shapes) . 


an 
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Percent  Elongotion  (e)  5  Percent  E &  Ec  °'  Room  Temperature 


,'RE  7. 2. 1.1. 4.  Effect  of  temperature  on  the  tensile  and 

compressive  moduli  (E  and  E  )  of  vacuum  hot- 
pressed  beryllium  (bars,  roSs,  and  shapes). 


FIGURE  7. 2. 1.1. 5.  Effect  of  temperature  on  the  elongation  of 
vacuum  hot-pressed  beryllium  (bars,  rods, 
and  shapes). 
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7.2.2  CROSS-ROLLED  SHEET  (SF200D 
and  PS20) 

7. 2. 2.0  Comments  and  Room -  Temperature  Prop¬ 
erties. — Cross-rolled  sheet  is  produced  by  cross 
rolling  from  a  block  of  consolidated  beryllium 
powder  with  a  2  percent  maximum  beryllium  ox¬ 
ide  content  A  material  specification  is  presented 
in  Table  7.2.2.0(a).- 

Table  7.2.2.0(a).  Material  Specification  for  Cross- 
Rolled  Beryllium  Sheet  and 
Plate 


Specification 

MIL-B-8964 


Sheet  and  plate 


In  addition  to  the  comments  on  beryllium 
machining  in  Section  7.2.0  General,  it  is  noted 
that  the  drilling  of  sheet  may  lead  to  delamination 
and  breakout  unless  the  drillhead  is  of  the  con¬ 
trolled  torque  type  and  the  drills  are  of  carbide 
burr  type. 


Beryllium  sheet  should  be  formed  at  978- 
1005  K  for  best  forming  with  minimum  spring- 
back.  Do  not  form  above  106  IK  if  original  prop¬ 
erties  are  to  be  retained. 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  for  beryllium  sheet  are  shown  in  Table 
7.2.2.0(b).  The  effect  of  temperature  on  physical 
properties  is  shown  in  Figure  7. 2.2.0.  The  condi¬ 
tion  index  for  this  material  is  as  follows: 


Section 
7.2.2. 1 


Condition 
Stress  relieved 


7.2.2. 1  Stress  Relieved  Condition. — No  effect  of 
temperature  curves  are  available  for  this  condi¬ 
tion. 


20  2 


ill-—  - —  — -  -tU  *- 
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~T.t  O 

d10 


!ggp± 

o  2.0  ' - Bet  wetm~506  K  and  indicated'  temperature  g 

IE5k  —At  indicated  temperature  g 

iiltiSp:  kj#zjf=  -  At  indicated  temperature  tr 

(  Q I----, - - 1- ^  .  ■  ■ _ _ _ ...i — — iw 

0  200  400  600  800  1000  1200  1400  1600 

Temperature,  K 

FIGURE  7. 2. 2.0.  Effect:  of  temperature  on  the  physical 
properties  of  beryllium  vacuum  het- 
pressed  shapes. 
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7.3  Copper  and  Copper  Alloys 

7.3.0  GENERAL 

The  piopertics  of  major  significance  in  design¬ 
ing  with  copper  and  copper  alloys  are  elect. ical 
and  thermal  conductivity,  corrosion  resistance, 
and  goi, .  bearing  qualities  (antigalling).  Copper 
ar.d  copper  alloys  are  nonmagnetic  and  can  be 
readily  joined  by  welding,  brazing  and  soldering. 
The  use  of  topper  alloys  arc  usually  predicated 
upon  two  or  more  of  the  above  properties  plus  the 
ease  of  casting  and  hot  and  cold  working  into 
desirable  shapes. 

The  thermally  unstable  range  for  eopper  and 
copper  alloys  generally  begins  somewhat  above 
room  temperature  (339K).  Creep,  stress  relaxa¬ 
tion  and  diminishing  stress  rupture  strength  are 
factors  of  concern  above  339  K.  Copper  alloys 
frequently  are  used  at  temperatures  up  to  522  K. 
The  range  between  522  Kand  672  Kis  considered 
very  high  for  copper  alloys,  since  copper  and 
many  of  its  alloys  begin  to  oxidize  slightly  above 

450  K  and  protection  may  be  required. 
Bronzes  containing  Al,  Si  and  Be  oxidize  to  a 
lesser  extent  than  the  red  copper  alloys.  Precipita¬ 
tion-hardened  alloys  such  as  beryllium  copper  re¬ 
tain  streneth  up  to  their  aging  temperatures  of  533 
K  to  672  K. 

Copper  alloys  used  for  bearing  and  wear  re¬ 
sistance  appl.calions  include,  in  the  order  of  their 
increasing  strength  and  load -carrying  capacity, 
coppcr-tin-lcad.  copper-tin,  silicon  bronze, 
manganese  bronze,  aluminum  '  ronze  and 
beryllium  copper.  Beryllium  copper,  aluminum, 
manganese  and  tin  bronzes  are  included  in  MIL- 
HDBK-5. 


Copper-base  bearing  alloys  are  readily  cast  by 
a  nun.bcr  of  techniques:  statically  sand  cast, 
ccnirifugally  cast  into  tubular  shapes,  and  even 
continuously  cast  into  various  shapes.  The  tin 
bronzes,  sometimes  called  phosphor  bronze 
because  phosphorous  is  used  to  deoxidize  the  melt 
and  improve  castability,  is  the  lowest  strength 
alloy  considered  herein.  It  is  generally  supplied 
as  a  static  (sand)  casting  or  centrifugal  casting 
(tubular  shapes  from  rotating  graphite  molds). 
Manganese  bronze  is  considerably  stronger  than 
tin  bronzes,  is  easily  cast  in  the  foundry,  has  good 
toughness  and  is  not  heat  treated.  Aluminum 
bronze  alloys,  especially  those  with  nickel, 
silicon,  and  manganese  over  2  percent  which  res¬ 
pond  to  hca.  treatment,  have  even  greater 
strength,  and  higher  galling  and  fatigue  limits 
than  manganese  bronze  Aluminum  bronze  is 
used  in  the  static  and  centrifugal  cast  form  or 
parts  may  be  machined  from  wrought  rod  and  bar 
stock.  Beryllium  copper  is  the  highest  strength 
copper-base  bearing  material,  due  to  its  great 
response  to  precipitation  hardening.  Beryllium 
copper  is  also  available  in  static  and  centrifugal 
cast  form  but  is  generally  used  as  wrought  shapes, 
such  as  extrusions,  forgings  and  mill  shapes. 

Beryllium  copper,  because  of  its  high  strength, 
is  also  useful  as  a  spring  material.  In  this  applica¬ 
tion  its  high  elastic  limit,  high  fatigue  strength  as 
well  as  good  electrical  conductivity  are  signifi¬ 
cant.  Beryllium  copper  resists  softening  up  to  533 
K,  which  is  higher  than  other  common  copper 
alloys.  Beryllium  copper  springs  arc  usually 
fabricated  from  strip  and  wires. 

Consult  References  7.3.0(a)  through  (c)  for 
more  information. 
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7.3.1  TIN  BRONZES 

7. 3. 1.0  Comments  and  Properties. — The  tin 
bronzes  (and  leaded  tin  bronzes)  are  the  copper- 
tin  or  copper-tin-lead  alloys  which  have  been 
deoxidized  with  phosphorous.  The  alloys  were 
formerly  also  known  as  phosphor  bronzes.  They 
arc  readily  cast  by  a  number  of  techniques. 

A  material  specification  for  tin  bronze  is  listed 
in  Table  7.3.1.0(a).  A  cross  index  to  the  Copper 
Development  Association  (CDA)  and  ASTM 
designations  is  given  in  Table  7.3.1.0(b). 

Table  7.3.1.0(a).  Material  Specification  for  Tm 
Bronzes 


Specification 


OOC-,'90 


Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  presented  in  Table  7.3.1.0(c). 
The  effect  of  temperature  on  physical  properties 
is  shown  in  Figure  7.3. 1.0. 

Table  7.3.1.0(b).  Cross  Index  to  CDA  and  ASTM 
Designation 


QQ-C-390 
Altov  No. 

CDA 

Alloy 

No. 

ASTM 

02 

910 

— 

D3 

923 

B143-2B  (Sand). 

D4 

922 

B27I-2B  (Ccnnifugal) 
B6I.  BI43-2A  (Sand). 

DS 

903 

B271-2A  (Centrifugal) 
BI43-IB  (Sand). 

06 

905 

B271-IB  (Centrifugal) 
B22-D.  BI43-IA  (Sand). 

B27I-1A  (Cemrifugal) 

imui 

BVfcMMf 


I  mtiwfui 

Unsni 


fRrafi 


IMR|  ■ 


a  -(D2,D5,D6) 


IBaSSSSSBSSR 


a  -  Between  294  K  and  indicated  temperature 
K  -  At  indicated  temperature 


FIGURE  7. 3. 1.0. 


Temperature,  K 

Effect  of  temperature  on  the  physical 
properties  of  tin  bronze  (castings). 
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“MECHANICAL  PROPERTIES  ARE  BASED  ON  HINIHUH  GUARANTEED  TENSILE  PROPERTIES  FROM 
SEPARATELY  CAST  TEST  BARS.  THE  PROPERTIES  OF  PRODUCTION  CASTING  MAY  BE  AS 
LOH  AS  75  PERCENT  OF  THE  TABULATED  VALUES. 

“OPTIONAL  PROPERTIES  MHEN  REQUIRED. 

WHEN  HA 0E  FROM  SCRAP,  PROPERTIES  APPLY  ONLY  WHEN  REQUIREO. 


7.3.2  MANGANE.SK  BRONZES 


Room-Temporal  tire  Properties 


7. 3. 2.0  Comments  and  Properties. — The 
manganese  bronzes  arc  also  known  as  the  high- 
strength  yellow  brasses  and  leaded  high-strength 
yellow  brasses.  These  alloys  contain  zinc  as  the 
principal  alloying  element  with  smaller  amounts 
of  iron,  aluminum,  manganese,  nickel,  and  lead 
present.  These  bronzes  are  easily  cast  in  the 
foundry. 


Room-temperature  mechanical  and  physical 
properties  are  shown  in  Table  7.3.2.0(c). 

TABLE  7.3.2.0(a).  Material  Specification  for 


Manganese  ihonzes 


Specification 

form 

QO-C-390 

C.i>tings 

A  material  specification  for  manganese  bronze 
is  listed  in  Table  7.3.2.0(a).  A  cross  index  to 
CDA  and  ASTM  designations  is  given  in  Table 
7.3.2.0(b). 


TABLE  7.3.2.0(b).  Cross  Index  to  CDA  and  ASTM 
Designations 


QQ-C-390 

Alloy  No. 

CDA 

Alloy 

No. 

ASTM 

Cl 

8t>8 

_ 

C2 

864 

BI32-A.  BI47-7A  (Sand). 
B27I-7A  (Cemrilugal) 

C3 

865 

BI47-8A  (Sand). 

B27I-SA  (Ccmrilugal) 

C4 

862 

BU7.8B  (Sand). 

B27-8B  (Centrifugal) 

C5 

861 

— 

C6 

— 

— 

C7 

863 

B22-L.  BI47-8C  (Sand). 
B27I-8C  (Cemimig.il) 
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7.3.3  ALUMINUM  BRONZES 

7. 3. 3.0  Comments  and  Properties. — The 
aluminum  bronzes  are  copper-base  alloys  with  an 
addition  of  aluminum  up  to  14  percent.  The  com¬ 
mercial  aluminum  bronze  alloys  normally  con¬ 
tain  aluminum  within  limits  of  5  and  12  percent, 
with  additions  of  iron,  nickel,  and  manganese. 
The  alloys  covered  by  QQ-C-390  involve  varia¬ 
tions  in  percentages  of  these  elements.  The 
strength  of  aluminum  bronzes  can  be  varied  by 
adjustment  of  composition  and  by  heat  treatment. 

Some  material  specifications  for  aluminum 
bronzes  are  presented  in  Table  7.3.3.0(a).  A  cross 
index  to  CDA  and  ASTM  designations  is  in  Table 
7.3.3.0(b). 

Room-Temperature  Properties 

Room-temperature  mechanical  and  physical 
properties  are  shown  in  Tables  7.3.3.0(c)  through 
(e).  The  effect  of  temperature  on  physical  proper¬ 
ties  is  shown  in  Figure  7. 3. 3.0. 


TABLE  7.3.3.0(a).  Material  Specifications  for 
Aluminum  Bronzes 


apcciiica'inn 

Form 

OQ-C-390 

Castings 

AMS  4631 

Bars,  rods,  and  forgings 

Table  7.3.3.0(b).  Cross  Index  to  CDA  and  ASTM 
Designations 


QO-C  390 
Alloy  No. 

CDA 
Copper 
Alloy  No. 

ASTM 

Cl 

— 

G3 

955 

B148-9D  (Sand), 

B271-9D  (Centrifugal) 

G4 

9S5 

B148-9D  (Sand) 

G5 

954 

BI48-9C  (Sand), 

B271-9C  (Centrifugal) 

G6 

952 

BI48-9A  (Sand), 

B27I-9A  (Centrifugal) 

G7 

953 

BI48-9B  (Sand). 

B271-9B  (Centrifugal) 

G8 

— 

— 

FIGURE  7. 3. 3.0.  Effect  of  temperature  on  the  physical 

properties  of  aluminum  bronze  (castings). 
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AS  OETERHInEC  by  extension-under-loao  method,  limiting  extension  for  yielo 

STRENGTH  DETERMINATION  EQUALS  0.005  MM  PER  MM  OF  GAGE  LENGTH. 


7.3.4  BERYLLIUM  COPPER 


7. 3. 4.0  Comments  and  Properties. — The  alloys 
termed  beryllium  copper  are  a  family  of  copper- 
base  alloys  containing  beryllium  or  beryllium 
plus  cobalt  as  strengthened.  Two  of  these  alloys 
arc  covered  in  this  section  and  arc  identified  by 
Copper  Development  Association  alloy  designa¬ 
tions  CD  A  170  and  Cl)  A  172.  CDA  170  and 
CDA  1 72  arc  high-strength  alloys  containing  1.70 
and  1  92  (nominal)  percent  beryllium,  respec¬ 
tively  These  alloys  are  available  in  all  mill  forms 
but  arc  usually  used  in  the  form  of  strip,  wire,  and 
rod.  Material  specifications  for  beryllium  copper 
alloys  are  presented  in  Table  7.3.4.0(a). 


TABLE  7.3.4.0(a).  Material  Specifications  for 
Beryllium  Copper 


Specification 

Form 

QQ-C-530  (Ci)A  172) 

Bar,  rod.  and  wire 

QQ-C-533  (CDA  170  anti  172) 

Strip 

Manufacturing  Considerat ions . — The 
beryllium  copper  alloys  are  normally  received  in 
either  the  solution-treated  (A)  or  solution-treated 
plus  cold-worked  (1/4  H,  1/2  H,or  H)  conditions. 
After  forming  and  joining,  they  arc  strengthened 


by  means  of  precipitation-hardening  thermal 
ttoatments.  When  it  is  not  feasible  to  heat  treat 
these  parts  after  forming,  the  material  is  often 
formed  in  an  undcraged  temper,  with  resulting 
decrease  in  strength  from  the  values  listed  in  Ta¬ 
ble  7.2.4.0(c). 

Environmental  Considerations. — For  alloys 
CDA  170  and  172  the  maximum  service  tem¬ 
perature  is  <422  K  for  continuous  exposure, 
although  these  alloys  may  be  exposed  for  periods 
of  up  to  100  hours  at  533  K  without  substantial 
decrease  in  residual  strength. 

Heat  Treatment. — Typical  aging  treatments 
applied  to  material  furnished  in  the  unaged  tem¬ 
pers  are  presented  in  Table  7.3.4.0(b).  It  should 
be  noted  that  material  furnished  in  the  aged  tem¬ 
pers  has  been  aged  to  meet  specified  tensile  prop¬ 
erties  or  hardness  and  some  deviation  from  the 
listed  heat  treatments  can  be  expected. 

Room-Temperature  Properties 

Room-temperature  mechanical  properties  are 
shown  in  Table  7.3.4.0(c).  The  effect  of  tern- 
perature  on  physical  properties  is  depicted  in 
Figure  7. 3.4.0. 


TABLE  7.3.4.0(b).  Typical  Aging  Treatments  for  Beryllium  Copper  Alloys 


Alloy 

Original  leaner 

Aging  Treatment 

Final  Temper 
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3  hr  at  589/603  K 

AT 

1/4  H 

1/4  HT 
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1/2  H 
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1/2  HT 
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FIGURE  7. 3. 4.0.  Effect  of  temperature  on  the  physical  properties 
of  beryllium  copper,  precipitation  heat  treated. 
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7.4.1  MP35N  ALLOY 


7. 4. 1.0  Comments  and  Properties. — MP35N  is  a 
vacuum  induction,  vacuum  arc  remeited  alloy 
based  on  the  quarternary  of  cobalt,  nickel, 
chromium,  and  molybdenum,  which  can  be  work 
strengthened  and  aged  to  uiirahigh  strengths. 
This  alloy  is  suitable  for  parts  requiring  ultrahigh 
strength,  good  ductility  and  excellent  corrosion 
and  oxidation  resistance  up  to  672  K.  Exposure  to 
temperatures  above  672  K  for  extended  periods  of 
time  may  cause  embrittlement.  (Parts  would  be 
limited  to  the  size,  <  31.7  nrni  thickness  for  1790 
MPa  minimum,  of  bar  which  can  be  work 
strengthened  to  meet  specification  strength 
requirements). 

Material  specifications  for  MP35N  are  pre¬ 
sented  in  Table  7.4.1.0(a). 

Table  7.4.1.0(a)  Material  Specifications  for 
MP35N  Alloy 


Specification 

Form 

AMS  5844 

Bar  (solution  treated, 

and  cold  drawn) 

AMS  5845 

Bar  (solution  treated. 

cold  drawn,  and  aged) 

Manufacturing  Considerations. — The  work 
hardening  characteristics  of  MP35N  are  similar 


to  304  stainless  steel.  Drawing,  swaging,  rolling, 
and  shear  forming  are  excellent  ways  of  deform¬ 
ing  for  work  strengthening.  The  machineability  of 
MP35N  is  similar  to  the  nickel -base  alloys. 

Environmental  Considerations. — MP35N  has 
excellent  corrosion,  crevice  corrosion  and  stress 
corrosion  resistance  in  seawater  Initial  tests  have 
indicated  that  MP35N  does  not  appear  to  be 
susceptible  to  hydrogen  embrittlement. 

Heat  Treatment. — After  work  strengthening, 
MP35N  is  aged  at  811-866  K  +  15  K  for  4 
hours  and  air  cooled. 

Room-Temperature  Properties 

The  room-temperature  mechanical  and  physi¬ 
cal  properties  for  MP35N  are  presented  in  Table 
7.4.1.0(b).  The  effect  of  temperature  on  physical 
properties  is  shown  in  Figure  7.4. 1.0. 

7.4. 1.1  Work  Strengthened  and  Aged  Condi¬ 
tion. — Effect-of-temperature  curves  for  various 
mechanical  properties  are  shown  in  Figures 
7.4.1.1.1(a)  through  7.4.1. 1.5. 

Typical  tensile  stress-strain  curves  at  room  and 
elevated  temperatures  are  shown  in  Figure 
7.4. 1.1. 6. 


TABLE  7.4.1.0(91.  OESIGN  MECHANICAL  AND  PHYSICAL  PROPERTIES  OF 
HP35N  ALLOY  (BAR) 


SPECIFICATION 


CONCIT I CN 
THICKNESS 
BASIS.... 


AMS  5844  ANO  AMS  5?4<5 


BAR 


aHMUHa 


MECHANICAL  FPOPERTIES 


1593h 


FSU  *  MPA..., 
FBRU,  M. PA! 
(E/0=1.5l 
(E/0=2. 0) 
FBRY,  MPA! 
<E/0=1.5) 
(  E/O  -  2.  Cl 
EL.  PERCENT: 

L . 

LT . 

E,  GPA . 

EC,  GPA . 

6,  GPA...... 


231.7 


physical  p?c°epties: 

OMEGA,  MG/M3 . 

C,  J/(3»K) . 

K,  W/(M*K) . 

ALPHA,  15-6  m/<m*<) . . 


8.41 

0*75  (273  TO  294  K) 
SEE  FIGURE  7. 4. 1.0 
SEE  FIGURE  7. 4. 1.0 


®  THE  A  VALUE  OF  1B34MPA  IS  HIGHER  THAN  SPECIF ICA TI CN  MIN I HUH. 
“THE  A  VALUE  OF  1765MPA  IS  HIGHER  THAN  SPECIFICATION  KIMINUM. 
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a  -  Between  294  K  and  indicated  temperature 
K  -  At  indicated  temperature 
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FIGURE  7. A. 1.0.  Effect  of  temperature  on  the  physical 
properties  of  MP35N  alloy. 
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FIGURE  7.4.1.1.(b).  Effect  of  temperature  on  the  tensile  yield 

strength  (F  )  of  cold  worked  and  aged 
MP35N(.bar),  Ftu  =  1793  Mpa. 
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FIGURE  7.4.1.1.4(a).  Effect  of  temperature  on  the  tensile 

modulus  (E)  of  MP35N  alloy  (bar)  . 
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FIGURE  7. 4. 1.1. 6.  Typical  tensile  stress-strain  curves  at  room  and  elevated 
temperatures  for  cold  worked  and  aged  MP35N  (bar) . 

Fcu  =  1793  MPa. 


7-32 


REFERENCES 


7.2.0(a) 

7.2.0(b) 

7.2.0(c) 

7.2.0(d) 

7.2.0(e) 

7.2.0(f) 

7.2.0.1(a) 

7.2.0.1(b) 

7.2.0.1(c) 

7.2.0.1(d) 

7.2.0.1(e) 

7.2.1.0(a) 

7.3.0(a) 

7.3.0(b) 

7.3.0(c) 

7.3.0(d) 

7.3.0(c) 


Williams,  R.  F.,  and  Ingels,  S.  E.,‘‘The  Fabrication  of  Beryllium — Volume  I:  A  Survey 
of  Current  Technology”,  NASA  TM  X-53453  (July  1966). 

Williams,  R.  F.,  and  Ingels,  S.  E.,  "The  Fabrication  of  Beryllium  Alloys— Volume  II: 
Forming  Techniques  for  Beryllium  Alloys”,  NASA  TM  X-53453  (July  1966). 

Williams,  R.  F.,  and  Ingcls,  S.  E.,  "The  Fabrication  of  Beryllium — Volume  III.  Metal 
Removal  Techniques”,  NASA  TM  X-53453  (August  1966). 

Williams,  R.  F.,  and  Ingels,  S.  E.,“The  Fabrication  of  Beryllium — Volume  IV:  Surface 
Treatments  for  Beryllium  Alloys”,  NASA  TM  X-53453  (July  1966). 

Williams,  R.  F.,  and  Ingels,  S.  E.,  “The  Fabrication  of  Beryllium — Volume  V:  Ther¬ 
mal  Treatments  for  Beryllium  Alloys”,  NASA  TM  X-53453  (July  1966). 

Williams,  R.  F.,and  Ingels,  S.  E.,“The  Fabrication  of  Beryllium— Volume  VI.  Joining 
Techniques  for  Beryllium  Alloys”,  NASA  TM  X-53453  (July  1966). 

Breslen,  A.  U.,  and  Harris,  W.  B.,  “Health  Protection  in  Beryllium  Facilities,  Summary 
of  Ten  Years’  Experience”,  U.S.  Atomic  Energy  Commission,  Health  and  Safety 
Laboratory,  New  York  Operations  Office,  Report  HASL-36  (May  1,  1958). 

Breslen,  A.  U.,  and  Harris,  W.  B.,  "Practical  Ways  to  Collect  Beryllium  Dust”,  Air 
Engineering,  2(7),  p  34  (July  I960). 

Cholak,  J.,  et  a!.,  "Toxicity  of  Beryllium.  Final  Technical  Engineering  Report",  ASD 
TR  62-7-665,  Kettering  Laboratory,  College  of  Medicine.  Univ.  of  Cincinnati 
(April  1962). 

“Beryllium  Disease  and  Its  Control”,  AMA  Arch.  Ind.  Health,  19  (2),  pp  91-267 
(February  1959). 

Stokinger,  Herbert  E.,  "Beryllium,  Its  Industrial  Hygiene  Aspect”,  Academic  Press 
(1966). 

Crawford,  R.F.,  and  Barnes,  A.B.,  "Strength  Efficiency  and  Design  Data  tor  Beryllium 
Structures”,  ASD  TR  61-692,  Lockheed  Missiles  and  Space  Company. 

"The  Selection  and  Application  of  Wrought  Copper  and  Copper  Alloys”,  by  the  ASM 
Committee  on  Applications  of  Copper,  ASM  Metals  Handbook,  Vol  1, 8th  Edition 
(1961)  pp  960-972. 

"The  Selection  and  Application  of  Copper  Alloy  Castings",  by  the  ASM  Committee  on 
Copper  Alloy  Castings,  ASM  Metals  Handbook,  Vol  1,  8th  Edition  (1961),  pp 
972-983. 

CDA  Standards  Handbook,  Part  2  Wrought  Mill  Producers  Alloy  Data,  and  Part  7 
Cast  Products  Data,  Copper  Development  Association,  New  York. 

Pendleton,  W.  W.,  "Electrical  Conductors  for  High-Temperature  Operation”,  Wire 
and  Wire  Products  Vol  41,  No.  6  (June  1966),  pp  908-912,  953-955,  CDA  2367. 

Macken,  P  J.,  and  Smith,  A.  A.,  The  Aluminum  Bronzes,  Copper  Development  Associa¬ 
tion,  London  (1966),  CDA  2192. 


7-33 


(Page  7-34  Blank) 

au.S.Govcrnmcnt  Printing  Office:  1980  —  757-002/200 


